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ABSTRACT 
Immunometabolism is a growing field and examines the effects cellular 
metabolism has on driving the immune response. T cell function is impacted by the 
changes in bioenergetics, as metabolism is intricately linked to activation signals intra- 
and extracellularly, nutrient acquisition, cell cycle progression and proliferation, and 
overall the induction of a productive effector response. This dissertation interrogates the 
role immunometabolism plays in CD4+ T cells from dairy cattle during the complete 
lactation cycle (early lactation to the dry period), as well as its role in the maturation of 
the CD4+ T cell response in the calf and how that compares to the adult animal.  
During the dynamic process of lactation and pregnancy, dairy cattle exhibit 
various levels of disease susceptibility. Substantial literature indicates a reduced function 
of innate immunity in early lactating cows, a time when animals are most susceptible to 
infection. Data shown in Chapter 2 suggests that adaptive immune responses are also 
reduced during early lactation. CD4+ T cells, a critical cell type in the effector and 
memory immune response, were shown to have decreased cytokine production, as well as 
an altered metabolic phenotype in comparison to cells from dry cows and cows later in 
lactation.  
Additionally, an examination of the altered effector function exhibited by calf 
CD4+ T cells, as anticipated, produced less cytokines, but exhibited a propensity to 
produce Th2-driven cytokine IL-4 rather than Th1-driven cytokine IFN-γ. Polyclonal 
activation of CD4+ T cells from calves induced a unique metabolic phenotype with both 
mitochondrial respiration and aerobic glycolysis increasing, characteristic of the 
metabolic phenotype of Th2 cells. Upon activation, we also show an increase in 
xii 
glycolytic genes and aerobic glycolysis, greater than that from adult cows. Additionally, 
in comparison to adult cows, we show young calves have a greater proportion of recent 
thymic emigrants (RTEs), an immature t cell population shown to have dampened 
effector and metabolic functions. However, the complete contribution of RTEs to the 
altered metabolic reprogramming and dampened effector function of CD4+ T cells from 
young calves remains to be elucidated 
In conclusion, CD4+ T cells from dairy cattle exhibit differential metabolic 
phenotypes during activation that can be attributed to physiological status, as well as 
development and the maturation of the immune system. 
1 
CHAPTER 1.    GENERAL INTRODUCTION AND LITERATURE REVIEW 
Dissertation Organization 
The organization of this dissertation follows the format in which each chapter is an 
independent manuscript and is formatted for the journal to which it has been submitted or 
intended for submission. This dissertation begins with the literature review which 
encompasses immunometabolism and the bovine immune system, which is further elucidated 
in the following chapters. Chapter 2 has been submitted to Veterinary Immunology and 
Immunopathology. Chapter 3 is being prepared for submission to Immunology. The final 
chapter provides conclusions to the research detailed in this dissertation and future directions 
for subsequent studies. 
 
Immunometabolism  
General overview of immunometabolism 
Over the course of the last three decades, more immunologists have been drawn to 
examine the impact metabolism has on the immune response and recently, a re-emergence of 
this interest has produced the field of immunometabolism. Two arms of immunometabolism 
have been established: whole-system and cellular. The whole-body systemic approach 
focuses on the role of the immune system during metabolic disorders like diabetes and 
2 
obesity, with a primary effort directed at adipose tissue and the impact adipocytes have on 
inflammation through the course of metabolic diseases. On the other hand, cellular 
metabolism investigates the intracellular metabolic pathways leading to activation or 
dysfunction, with mitochondrial respiration and aerobic glycolysis at the forefront, directing 
the modulation of immune cell function.  
Cellular-based approaches emphasize the importance of understanding the 
biochemical principles regulating the activity of the cell. Two main pathways that play 
pivotal roles in the function of the cell are glycolysis and mitochondrial respiration, shown in 
Figure 1-1. Glycolysis is the breakdown of glucose into pyruvate, typically seen as an 
anaerobic pathway, i.e. functioning in the absence of oxygen. Pyruvate’s two main fates we 
discuss in this dissertation is the conversion into lactate, or to acetyl-CoA, which can enter 
the tricarboxylic acid (TCA) cycle. Though not an energy efficient pathway, glycolysis, 
which only produces a net ATP of 2, does yield metabolic intermediates necessary for 
pathways critical for proliferation and differentiation (Vander Heiden et al., 2009; Ganeshan 
et al., 2014). Mitochondrial respiration provides a consistent energy source of ATP, 
producing 36 ATP per glucose molecule. The TCA cycle occurs in the mitochondrial matrix 
and is fueled by lipids, assorted amino acids, and pyruvate which is converted to acetyl-CoA 
before entry into the cycle. Additionally, several amino acids enter the cycle through key 
enzymes. Glutamine, for example, is first deamidated by glutaminase into glutamate, and 
then oxidatively deaminated by glutamate dehydrogenase to form α-ketoglutarate, a key 
enzyme in the TCA cycle (O’Neill et al., 2016). The relevance of the TCA cycle to ATP 
production is the reduction of FADH and NAD+ to FADH2 and NADH, respectively, which 
occurs at the electron transport chain (ETC) of the mitochondrial inner membrane. The 
3 
exchange of electrons maintains the proton gradient necessary for the generation of ATP 
through Complex V (ATP synthase) (Divakaruni et al., 2011).  
Image from Buck et al., 2015 
Figure 1-1. Major pathways of cellular 
metabolism.There are two major pathways of 
cellular metabolism: mitochondrial respiration 
and glycolysis. Mitochondrial respiration is 
driven by the TCA cycle which produces 
reducing agents used in the electron transport 
chain to generate ATP, the major energy 
currency of the cell. Glycolysis is the process of 
converting glucose into pyruvate which has the 
opportunity to enter the TCA cycle or used to 
produce the amino acid alanine or lactate, which 
then exits the cell. 
 
Mitochondrial respiration  
As the major site of ATP production in the cell, mitochondria do not discriminate 
among the various substrates incorporated into the TCA cycle, pulling from several 
metabolic pathways in order to produce reducing equivalents necessary for the ETC (Geltink 
et al., 2018). The TCA cycle is both an anaplerotic and cataplerotic process, where it utilizes 
biomolecules to function while also generating biomolecules that can be used as nutrients for 
the cell as well as structural components (Owen et al., 2002). Glutamine, an example of 
anaplerosis, feeds into the TCA cycle via α-ketoglutarate to replenish the cycle (DeBerardinis 
et al., 2007). A cataplerotic event would occur if high amounts of citrate exited the cycle, 
“emptying it,” for fatty acid synthesis during cell growth (Kaadige et al., 2009;O’Neill et al., 
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2016). Concurrently, anaplerosis must occur to maintain the balance of nutrients exiting with 
nutrients entering the TCA cycle (O’Neill et al., 2016). Immune cells that rely on 
mitochondrial respiration, also termed oxidative phosphorylation (OXPHOS), are typically 
cells with an emphasis on longevity, such as naïve cells or memory cells (Geltink et al., 
2018). The role of the mitochondria in the immune system goes beyond being a source of 
energy, as it is also a hub for signaling and metabolic regulation. Mitochondrial dynamics- 
fusion/fission 
Mitochondrial dynamics is closely associated with the metabolic function of the cell, 
affecting everything from intermediate cellular metabolism, bioenergetics, mitochondrial 
reactive oxygen species production and calcium homeostasis (Rambold et al., 2018). 
Mitochondrial dynamics, a term used to describe the shape-changing capability of the 
organelle, controls aspects of the immune system involving activation, differentiation and 
longevity. These highly mobile organelles move to the immunological synapse during 
activation to provide ATP (Quintana et al., 2007). Additionally, mitochondria can change 
their structure by fission, the division of a mitochondrion, and fusion, the fusing of multiple 
mitochondria together (Figure 1-2). These two morphological changes affect the metabolism 
of cells and subsequently their function. During times of increased ATP production, such as 
during cell cycle progression (Mitra et al., 2009), mitochondria will elongate and modulate 
the cristae to form large fused networks. Cristae modulation and the fusion of mitochondria 
at both the outer mitochondrial membrane by mitofusin 1 and 2 (Mfn) and at the inner 
mitochondrial membrane by optic atrophy protein 1 (Opa1) creates supercomplexes of the 
electron transport chain generating large amounts of ATP (Cogliati et al., 2013), shown in the 
middle panel of Figure 1-2. It is suggested that Opa1 may play many other non-fusion roles 
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(Cogliati et al., 2013), one being the maintenance of memory cells (Rambold et al., 2018). 
Fusion of mitochondria also supports damaged mitochondria by incorporating healthy 
mtDNA and other metabolites into the dysfunctional organelle (Westrate et al., 2014). In 
order to improve longevity, memory cells will also form these long tubular mitochondrial 
networks to evade autophagy (Gomes et al., 2011), essentially promoting their survival 
(Buck et al., 2016). Memory cells are also known to rely on fatty acid oxidation for energy; 
fusion allows for a larger network of fatty acid distribution for energy production (Rambold 
et al., 2015). Free fatty acids in the cytoplasm are detrimental to cellular health and 
mitochondrial membrane integrity (Unger et al., 2010). To effectively utilize these free fatty 
acids for productive cell purposes like β-oxidation, fatty acid oxidation machinery is 
upregulated, enhancing fatty acid entry into the mitochondrial network (Kerner et al., 2000).  
In contrast, an activated T cell will undergo fission to form fragmented mitochondria. 
Dynamin related protein-1 (Drp1) is the driver of these mitochondrion divisions and utilizes 
mitochondrial fission protein-1 (Fis1) as well as other associated proteins (Richter et al., 
2015) as a binding site, which is pre-marked by the endoplasmic reticulum (ER) (Friedman et 
al., 2011) as shown in the far right box of Figure 1-2. Fission is not only associated with 
activation but has a role in mitophagy, apoptosis, and calcium homeostasis (Rambold et al., 
2018). Regardless, this discussion will focus on the implications of fission on cellular 
metabolism of effector cells. In T effector cells, specifically, Ca2+-regulated calcineurin 
activates Drp1 by dephosphorylating Ser673, a feature not found in memory cells (Rambold 
et al., 2018). This dephosphorylation of fission proteins in effector cells drives fragmentation 
and localizes the fragmented mitochondria to the immunological synapse (Cribbs et al., 2007; 
Quintana et al., 2007) a highly energetic site. At the immunological synapse mitochondria 
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provide ATP as well as monitor calcium (Ca2+) flux for strong TCR signaling (Baixauli et al., 
2011; Quintana et al., 2012). In contrast, memory cells exhibit decreased phosphoSer616, 
which has been associated with the shift in metabolism to favor oxidative phosphorylation 
and the induction of fusion. 
Mitochondria are critical in monitoring cellular Ca2+ levels. As a secondary 
messenger, Ca2+ binds to and influences signaling molecules, one target being transcription 
factor nuclear factor of activated T cells (NFAT). Ca2+ also influences the increase in 
cytokine production, mitochondrial and glycolytic metabolism, proliferation, and 
differentiation (Trebak et al., 2019). Given Ca2+ potency in directing cellular function, stores 
and flux within the cell are closely regulated by the ER as well as the mitochondria 
(Raffaello et al., 2016; Trebak et al., 2019). Upon cellular activation, inositol 1,4,5-
triphosphate (InsP3) is produced and binds to its receptor at the ER membrane. This 
interaction induces the release of Ca2+stores from the ER into the cytosol. The mitochondria 
and the ER are typically close in proximity—the ER plays a role in fission (Friedman et al., 
2011), especially during activation to support the rapid uptake of Ca2+ released by the ER 
which is subsequently taken up by the mitochondria. This process utilizes voltage-dependent 
anion channels (VDACs) for Ca2+ entry into the outer membrane (Raffaello et al., 2016). 
Ca2+ enters the matrix through a mitochondrial Ca
2+ uniporter (MCU) to support oxidative 
phosphorylation acting as a reducing equivalent for optimal generation of NADH (Cárdenas 
et al., 2010; Rizzuto et al., 2012) as well as activating several enzymes that feed into the 
TCA cycle (Bianchi et al., 2004). 
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Image modified from Rambold et al., 2018 
Figure 1-2. Mitochondrial dynamics affects the bioenergetics of the cell. The morphology 
of the mitochondria can influence and is influenced by the energy requirements of the cell. 
Effector T cells will undergo fission to increase the mobility of the mitochondria as they 
move to the immunological synapse. During a resting state or in memory cells, the 
morphology of the mitochondria changes to a fused state in order to form an energy dense 
facilitator in cells that require oxidative phosphorylation and fatty acid oxidation as their 
main energy source.  
Mitochondrial DNA  
Beyond morphological-associated effects, mitochondrial components such as MAVs, 
an antiviral mitochondrial protein, plays an important role in antiviral immunity by 
associating with antiviral sensor RIG-I. MAVS is responsible for activating pathways that 
regulate NF-κB and interferon regulatory factors (IRFs) which promote gene expression 
necessary to control an infection (Mills et al., 2017). Another component of the 
mitochondrion which has been recently recognized as a danger associated molecular pattern 
(DAMP) is mitochondrial DNA (mtDNA). Mitochondria are equipped with their own 
genome composed of double-stranded circular DNA containing more than 30 genes, 13 of 
which encode polypeptides of the respiratory complex. However, most of the mitochondrial 
proteome originates from nuclear DNA (Quiros et al., 2017). Measuring the ratio of 
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mitochondrial DNA to nuclear DNA by qPCR has been used as a tool in monitoring 
mitochondrial function (van der Windt et al., 2012; Quiros et al., 2017). mtDNA has multiple 
roles in the immune system other than being a source of protein production for the electron 
transport chain and has been implicated in many roles of protection and mitochondrial 
dynamics.  
mtDNA ejection as web filament structures has been described in several cell types 
including B cells, T cells, NK cells, monocytes and neutrophils in response to GC-rich 
oligonucleotides (Ingelsson et al., 2018). mtDNA participates in the cGas/STING pathway 
triggering type I IFN cytokines, IFN-α and IFN-β, in response to infection by herpesviruses 
(West et al., 2015) as well as stimulates NLRP3 and AIM2 inflammasomes to release 
proinflammatory cytokines (Nakahira et al., 2011). The ejection of mtDNA goes beyond the 
cytosol and into the extracellular space as an anti-viral response and has been a factor in the 
exacerbation of diseases resulting in excessive type I IFN production (Ingelsson et al., 2018). 
mtDNA also plays a role in fusion dynamics and is sensitive to over production of ROS 
which damages mtDNA (Westermann, 2012; Richter et al., 2015). 
Mitochondrial Reactive Oxygen Species 
In addition to the release of mtDNA, mitochondria produce reactive oxygen species 
(mtROS). Described in early studies as detrimental to the cell and a cause of aging, mtROS 
has since been proven beneficial in the cell by protecting it with ‘biocidal’ properties such as 
its use in disintegrating phagocytosed bacteria (Kohchi et al., 2009). More recent studies 
highlight its role in downstream signaling, an important component in the function of 
activated T cells, as well as a contributing factor to macrophage polarization and anti-
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bacterial function (Angajala et al., 2018). mtROS production takes place in the electron 
transport chain at complex I (NADH:ubiquinone oxidoreductase), complex II 
(succinate:ubiquinone oxidoreductase) as well as complex III (ubiquinol:cytochrome c 
oxidoreductase (Sena et al., 2013; Angajala et al., 2018;). While complex I and II secrete 
superoxide which is converted into H2O2 in the matrix, multiple studies show the production 
of superoxide by complex III has the capability of entering the intermembrane space and 
matrix without being converted into H2O2 (Muller et al., 2004; Murphy, 2009; Sena et al., 
2013). Inside the inner mitochondrial membrane space, mtROS production is augmented by 
glycerol-3-phosphate dehydrogenase 2 (GPD2). GPD2 is responsible for the oxidation of 
cytosolic glycerol-3-phosphate (G3P), to dihydroxyacetone phosphate which fuels 
gluconeogenesis or is reduced to replenish NAD+ levels in the cell. The increased activity of 
GPD2 not only induces ROS, but produces ubiquinol, a hyper-reduced state of ubiquinone, 
thereby enhancing ROS production through complex I as shown in Figure 1-3 (Kamiński et 
al., 2012; Angajala et al., 2018). 
mtROS in the immune system has multiple roles. In innate immunity, mtROS can 
activate the NLRP3 inflammasome, which leads to the induction of pro-inflammatory 
cytokines IL-1β and IL-18 and cause the oligomerization of MAVs independently of RNA. 
Activation of MAVS induces type I interferons and is an important feature of viral defense 
during an infection. The function of mtROS in adaptive immunity, specifically T cells, is in 
signaling and directs the metabolism of these cells during quiescence as well as in an effector 
state. mtROS play a critical role in T cells by modulating the redox state of kinases involved 
in activation of NFAT and subsequently IL-2 production (Figure 1-3) (Sena et al., 2013). 
Sena et al. (2013) points out in their study that although mitochondrial metabolism is 
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sufficient to support activation and proliferation, the progeny will not be antigen-specific if 
complex III is malfunctioning in the parent cell. Complex III is the main driver of mtROS 
production. In addition to NFAT signaling, NF-κB, a major family of transcription factors 
which induce the transcription of pro-inflammatory cytokines, has been reported to be 
regulated by mtROS both in suppression and activation (Franchina et al., 2018). For instance, 
ROS regulates NF-κB by phosphorylating IκB allowing NF-κB to proceed to the nucleus, 
but, before NF-κB reaches the nucleus, ROS has another checkpoint to inhibit NF-κB activity 
(Morgan et al., 2010). In the nucleus, ROS can initiate oxidative glutathionylation, a post-
translational modification that adds glutathione to its target. In regard to NF-κB, glutathione 
is added to its “redox sensitive cysteine,” reducing its DNA binding affinity (Nathan et al., 
2013), thus limiting its ability to act as a transcription factor. 
 
Image from Murphy et al., 2013 
Figure 1-3. Mitochondrial reactive oxygen species are important for cell signaling. 
Mitochondrial reactive oxygen species (mtROS) are generated mainly by complex III as well 
as through complex I and II. mtROS at low levels are important in signaling networks that 
increase the production of cytokines, like IL-2 through activation of NFAT. 
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Upon receptor engagement, signals to the mitochondria increase oxygen consumption 
rate as well as mtROS production. While mtROS benefits the cell by inducing signaling 
events leading to a productive immune response (Morgan et al., 2010; Kamiński et al., 2012), 
overproduction of ROS can have a detrimental impact on the cell. In addition to potential 
oxidative damage, the cell will increase proton leak across the intermembrane space to the 
mitochondrial matrix. The intermembrane space is occupied by the ETC which consists of 
numerous complexes involved in the flow of electrons, ATP production, as well as 
maintenance of a proton gradient. The inner membrane of the mitochondria is partially 
permeable and allows the flow of protons to cross it. The flow of protons through complex V, 
ATP synthase of the IMM to the matrix is the primary point of flow, especially when an 
increase in energy is required (Brookes, 2005). It is important to note that physiological 
proton leak occurs at basal levels, but it increases dramatically during cellular activation. 
Activation-induced proton leak is caused by the flow of protons from the IMM to the matrix, 
which is aided by a family of uncoupling proteins (UCP) and adenine nucleotide translocase 
(ANT) (Jastroch et al., 2010). Increased proton leak is associated with high production of 
mtROS. Papa et al. (1997) explains that proton leak and ROS production are linked, in that 
mtROS production is altered with the change in proton motive force (Δp). The proton motive 
force contributes in two ways: (i) chemical contribution- the flow of protons (H+) into the 
matrix affecting pH and (ii) electrical contribution- the membrane potential of the 
mitochondria. The cell uses both to control ROS production in the mitochondrion. The influx 
of H+ into the matrix from the IMM disrupts the membrane potential which consequently 
employs the ETC to maintain the gradient (Cadenas, 2018). It has also been suggested that 
while the ETC is maintaining the gradient, the increased transportation of protons (H+) into 
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the matrix causes an uncoupled respiration. With less electrons present in the matrix, oxygen 
is free, and the formation of superoxide is decreased (Papa et al., 1997). Additionally, the 
change in pH with the flow of H+ has been shown to decrease superoxide production as well 
(Lambert et al., 2004).  
There are many mechanisms within the mitochondria that occur during the resting 
state of a cell that must adapt upon activation. Increasing the rate of oxygen consumption due 
to activation sets off a series of regulatory roles as discussed above. However, the 
mitochondria do not act alone in directing the outcome of the cell. While the mitochondria do 
contribute substantially to cytokine production, induction of proliferation (Sena et al., 2013; 
Desdín-Micó et al., 2018) and bioenergetics of the cell (Cárdenas et al., 2010) during and 
after activation (Adams et al., 2016; Verbist et al., 2016), they work in a coordinated fashion 
with aerobic glycolysis. 
Glycolysis 
Mitochondrial respiration is not the only source of energy production within the 
immune cell during activation. Glycolysis is also increased as indicated by a rapid uptake of 
glucose. Through a coordinated fashion, biomolecules interact with both pathways to 
energize and fuel cellular functions during activation. Glycolysis is the process of converting 
glucose to pyruvate and subsequently to lactate. Pyruvate can also be converted to acetyl-
CoA which then may enter the TCA cycle. In activated immune cells, metabolic 
reprogramming occurs, resulting in a rewiring of preferential fuel source and incidentally, 
favored energy pathway. Activated immune cells engage in glycolysis in the presence of an 
oxygen-rich environment, a phenomenon known as the Warburg-effect (Vander Heiden et 
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al., 2009), and coined aerobic glycolysis. Activated effector cells increase their rate of 
glycolysis concurrently with mitochondrial respiration (MacIver et al., 2013). Naïve cells, 
quiescent by nature, as are memory cells, rely mostly on oxidative phosphorylation to meet 
energetic requirements, as they have no need for biosynthesis (Donnelly et al., 2015). Upon 
activation, cells upregulate expression of glucose transporters on the cell surface to increase 
glucose uptake and focus on rapid generation of ATP (Frauwirth et al., 2002). Each immune 
cell preferentially upregulates a particular glucose transporter. For instance, CD4+ T cells 
upregulate Glut1, while macrophages and CD8+ T cells favor Glut3 (Macintyre et al., 2014; 
Eger et al., 2016). Additionally, glycolysis increases the biosynthesis of precursors necessary 
for cell growth and proliferation (Donnelly et al., 2015). Though aerobic glycolysis is 
inefficient, it allows for rapid generation of ATP and the production of intermediates 
necessary for the generation of nucleotides through the pentose phosphate pathway (Wang et 
al., 2011; Pearce et al., 2013). Aerobic glycolysis also reduces pyruvate to lactate and alanine 
instead of entering the TCA cycle directly as acetyl-CoA. The reduction to lactate is 
important for the maintenance of NAD+, which itself is reduced to NADH in earlier steps of 
glycolysis. NAD+ is an important a cofactor for other biomolecules necessary for growth 
with its role in nucleotide biosynthesis (Olenchock et al., 2017) as well as involvment in 
protein modification by interacting with sirtuins (Agathocleous et al., 2013), a family of 
proteins regulating a variety of metabolic functions and the resultant metabolic phenotype.  
Metabolic reprogramming to aerobic glycolysis 
Immune cells will reprogram specific to their role in the immune system. Naïve T 
cells are quiescent and rely on OXPHOS and fatty acid oxidation (FAO), reminiscent of 
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memory cells. Upon activation both naïve and memory cells take on an effector-like 
metabolic phenotype (Newton et al., 2016). Effector cell types, including T cells, B cells, 
dendritic cells, and classical M1 macrophages, increase aerobic glycolysis to support 
biosynthesis and rapid ATP generation. On the other hand, T regulatory (Tregs) cells and 
alternative M2 macrophages rely on OXPHOS and FAO (Michalek et al., 2011; Tan et al., 
2015) to perform their suppressive activity or promotion of repair (Huang et al., 2014). 
Recently reported by Wang et al. (2018), M2 macrophages do not require glycolysis for 
differentiation as long as OXPHOS function is retained and glutamine is able to enter the cell 
to fuel the TCA cycle. Despite utilizing OXPHOS and FAO for energy and support of their 
suppressive effects (Alon, 2017), Tregs, like other subsets of T cells increase aerobic 
glycolysis upon engagement of the TCR and CD28 co-stimulation (Alon, 2017). Aerobic 
glycolysis is essential to the migration of Tregs to a site of inflammation (Kishore et al., 
2017). In contrast to effector T cells, Tregs employ glucokinase as the enzyme to 
phosphorylate glucose to glucose-6 phosphate instead of the typical hexokinase isozymes 
HKI and HKII (Kishore et al., 2017). Glucokinase is less impacted by the inhibition of 
glycolysis metabolites, such as lactate (Haas et al., 2015) and has a lower affinity for glucose 
(Lenzen, 2014). Taken together, Kishore et al. (2017) and others suggest Treg preferentially 
use glucokinase to delay polarization after CD28 co-stimulation (Müller et al., 2008). Tregs 
also use the low affinity glucose phosphorylation enzyme as a mechanism to decrease 
glycolytic influx, giving Tregs an advantage for survival over T effector cells. 
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Glycolytic enzymes, regulatory roles, and epigenetics 
Much like the components of mitochondrial respiration, enzymes involved in 
glycolysis hold regulatory roles in conjunction with their known function. Glycolytic 
enzymes moonlight as regulators of mRNA transcription (Hentze et al., 2010), induce post-
translational modifications and act as cofactors in regulating epigenetics and transcription 
shaping the metabolic function and ultimately, the fate of immune cells. Since the early 
1990’s, glycolytic enzymes, most notably glyceraldehyde 3-phoshate dehydrogenase 
(GAPDH) (Singh et al., 1993), have been shown to have roles outside of glycolysis, opening 
the door for the investigation of more ‘classic’ enzymes with ‘moonlighting’ roles. Many 
glycolytic enzymes serve as RNA-binding proteins. Hentze et al. (2010) created an acronym 
for the interconnectedness network of RNA, Enzymes and Metabolites as REM. Associated 
with this reliance on metabolites to modulate cellular function, includes the integrative role 
of epigenetics at the cellular level, as well as post-transcriptional and translational regulation 
of these proteins. Metabolites involved in epigenetics via histone modifications are 
incorporated in a variety of energy-sensing and metabolic pathways including: hexosamine 
pathway (O-linked N-acetylglucosamine, GlcNAc) (Fujiki et al., 2011), TCA cycle (α-
ketoglutarate, succinate, fumarate, malate) (Tsukada et al., 2006; Klose et al., 2007; Ito et al., 
2011) and the energy-sensing substrate AMPK (Lu et al., 2012). Recent studies into the 
proteome and translational machinery in T cells, show a dynamic regulatory role in and 
during activation (Tan et al., 2017; Menk et al., 2018; Ricciardi et al., 2018) linking cell 
signaling pathways, including mTOR, to metabolic and functional fate. GAPDH and lactate 
dehydrogenase A (LDHA), discussed below, are two important enzymes involved in 
glycolysis that play a much larger role in cell fate decisions. 
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GAPDH and posttranscriptional modifications 
GAPDH, the sixth enzyme of glycolysis responsible for the oxidation and 
phosphorylation of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate producing 
NADH, has been shown to have additional roles involving transcriptional regulation (Nagy et 
al., 1995; Singh et al., 1993), mediation of intracellular signaling (M. N. Lee et al., 2009), as 
well as DNA repair and redox regulation at multiple subcellular compartments (Tristan et al., 
2011). GAPDH, additionally, can be found in, but not limited to, the cytoplasm, nucleus, and 
mitochondria (Tristan et al., 2011). With the accessibility to each of these compartments, 
GAPDH can bind to the AU-rich region of the 3’UTR of cytokines (Nagy et al., 1995), 
particularly those of IFN-γ and IL-2 (Kondo et al., 2011). Chang et al (2013) take it another 
step further and investigates the effect aerobic glycolysis has on the ability of GAPDH to 
regulate the production of IFN-γ and IL-2 in CD4+ T cells. In their study, Chang et al. (2013) 
utilize polysome profiling, a gradient separation technique in which only translated mRNAs 
are associated with polysomes (Chassé et al., 2016). They show that cells utilizing aerobic 
glycolysis have more IFN-γ mRNA transcripts associated with polysomes, which is 
indicative of productive translation, compared to cells utilizing OXPHOS alone. CD4+ T 
cells that are not actively using aerobic glycolysis or have increased levels of GAPDH, 
become compromised. GAPDH is free to bind to the AU-rich region of the 3’UTR of IFN-γ 
and IL-2 (Nagy et al., 1995), thus limiting the translation of cytokine mRNA and reducing 
cytokine production (Chang et al., 2013). Alternatively, when activated CD4+ Τ cells engage 
aerobic glycolysis, GAPDH is occupied and unable to bind to the translated mRNA, thereby 
cells produce optimal levels of IL-2 and IFN-γ. To balance the effects of GAPDH, cells have 
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many other factors capable of counteracting GAPDH regulation during an activated state to 
ensure production of cytokines. 
LDHA and epigenetics 
LDHA is an enzyme responsible for the conversion of pyruvate to lactate. Because 
aerobic glycolysis supports up to 60% of ATP production (Guppy et al., 1993), LDHA helps 
alleviate the burden of energy production from mitochondria (Peng et al., 2016). 
Additionally, LDHA acts to increase production of IFN-γ by two methods, which are 
associated with the time course of activation. Like, GAPDH and many other metabolic 
enzymes, LDHA binds to AU-rich regions (Seki et al., 2017) upstream of cytokines IL-2, 
IFN-γ, and TNF-α when glycolysis is not activated (Menk et al., 2018). However, 
immediately upon activation, LDHA indirectly supports IFN-γ production by increasing 
acetyl-CoA levels in the cell by converting pyruvate to lactate. This conversion limits the 
entry of pyruvate into the TCA cycle, resulting in the exportation of citrate out of the TCA 
cycle to generate acetyl-CoA. Acetyl Co-A production can be used for histone acetylation 
(Wellen et al., 2009) at the Ifng promoter and enhancer regions (Peng et al., 2016), as well as 
for fatty acid oxidation and re-entry in to the TCA cycle (Ganeshan et al., 2014). Along with 
acetyl-CoA, many other metabolites are involved in epigenetics and associated with histone 
modifications. These metabolites are involved in a variety of metabolic pathways including 
the hexosamine pathway (O-linked N-acetylglucosamine, GlcNAc) (Fujiki et al., 2011), TCA 
cycle (α-ketoglutarate) (Tsukada et al., 2006; Ito et al., 2011), and energy sensing substrate 
AMPK (monitors ATP/ADP ratio) (Lu et al., 2012). 
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Glutamine metabolism 
An alternative energy source to glucose is glutamine. Glutamine enters the TCA cycle 
by conversion to α-ketoglutarate, a key enzyme in the TCA cycle, by glutaminolysis, where it 
is first converted to glutamate and subsequently to α-ketoglutarate. Different immune cells 
utilize glutamine for different roles. For example, M2 macrophages are able to support 
energy requirements necessary for steady and activated state functions relying on access of 
glutamine to the TCA cycle (Wang et al., 2018). Activated neutrophils, in contrast, do not 
fully oxidize glucose and glutamine for energy production, and instead utilize their influx to 
synthesize NADPH to support the microbicidal NOX system (cytosolic NADPH oxidase 
complex) for their respiratory burst (Ganeshan et al., 2014). In activated T cells, glucose and 
glutamine are both imported at increased levels. Glutamine is necessary for support of the 
TCA cycles and production of intermediate metabolites, as well as balancing hexosamine 
metabolism with glucose, given that the product of the hexosamine pathway is GlcNAc 
(Geltink et al., 2018). Glucose and glutamine fuel O-GlcNAcylation which is an important 
component in the cell surface expression of amino acid transporters and Glut1 (Hanover et 
al., 2012). The coordinated effort and balance of glycolysis, glutaminolysis, and hexosamine 
plays a significant role in Th cell differentiation (Geltink et al., 2018). 
Pentose phosphate pathways, fatty acid synthesis, and β-oxidation 
Lastly, pathways branching off mitochondrial respiration and glycolysis are pentose 
phosphate pathway, fatty acid synthesis, and β-oxidation. Each of these pathways play 
significant roles in the cell. Pentose phosphate pathway mediates the synthesis of 
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biomolecules essential in forming nucleotides for proliferation, production of NADPH, and 
glutathione synthesis for protection against free radicals (Agathocleous et al., 2013). Fatty 
acid synthesis is necessary for the de novo synthesis of lipids which are incorporated into 
cellular membranes during proliferation or stored as triacylglycerides in memory cells 
(O’Sullivan et al., 2014). β-oxidation is utilized to meet energy requirements generating 
massive amounts of ATP, during the resting state by the breakdown of fatty acids to 
incorporate into the TCA cycle (Loftus et al, 2016). Furthermore, fatty acid synthesis and β-
oxidation in lymphocytes employ mTOR (mammalian target of rapamycin) to regulate lipid 
homeostasis (Ricoult et al., 2012; Yin et al., 2017;), again connecting metabolic networks to 
signaling networks involved in the immune response. 
 
T cell ontogeny and metabolism 
T cells are generated from lymphoid progenitor cells, originating from the bone 
marrow and navigating their way to the thymus to mature into single positive CD4+ or CD8+ 
T cells. αβ T cells go through several double negative (DN) (CD4- CD8-) stages during 
development. At DN3 they undergo β-selection, a rearrangement of their TCR β chain 
forming a pre-TCR (Krangel, 2009). Alternatively, between the DN2 and DN3 γδ T cells will 
divert their development and exit the thymus (Rothenberg et al., 2008). αβ T cells continue 
their maturation in the thymus to develop into single positive CD4 or CD8 T cells before they 
emigrate from the thymus to the peripheral blood (Starr et al., 2003; Carpenter et al., 2010). 
 Upon thymic egress, both lineage-committed γδ and αβ T cells increase Kruppel-like 
factor 2 (KLF2), a zinc finger transcription factor (Carlson et al., 2006). Increased expression 
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of KLF2 enhances the expression of sphingosine-1-phosphate-1-receptor (S1P1R) and L-
selectin (CD62L) (Bai et al., 2007; Odumade et al., 2010), and down regulates CD69, a 
negative regulator of S1P1 (Figure 1-4) (Feng et al., 2002; Carlson et al., 2006; Shiow et al., 
2006; Fink et al., 2013). Upon entrance into the bloodstream, αβ T cells, now called recent 
thymic emigrants (RTEs), home to the lymph nodes for post-thymic maturation (Houston et 
al., 2008). 
Recent thymic emigrants 
RTEs take roughly three weeks to fully mature into naïve T cells (MN T cells) 
(Houston et al., 2008) and studies have shown several differences between the two 
populations (Figure 1-4) (Fink, 2013). RTEs and MN T cells express their own unique 
signature of surface markers. Based on studies in mice, RTEs surface marker expression is 
the following: CD28lo, TCR/CD3 hi, CD24 hi, IL-7Rα lo (Boursalian et al., 2004), whereas 
studies in humans show that RTEs have increased expression of CD31 (Kohler et al., 2009; 
Tanaskovic et al., 2010) and protein tyrosine kinase 7+ (PTK7) (Haines et al., 2009), and 
exhibit increased levels of T cell receptor excision circles (TRECs). TRECs are excised 
pieces of DNA from the TCR-α chain rearrangement (Livak et al., 1996; Spits, 2002). 
Unfortunately, TRECs are less than ideal to quantify RTEs in the cellular population. For 
added difficulty, not all RTEs contain TRECs, because as cell division occurs only one 
daughter cell receives a TREC (Hazenberg et al., 2003). Furthermore, thymectomized 
individuals still have TRECs in their peripheral lymphoid cells, emphasizing the fact TREC+ 
cells have origins other than RTEs (Fink, 2013). Identifying these populations in cattle are 
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further challenging as there are no known cell surface markers indicative of RTEs and their 
identification relies on the presence of TRECs by qPCR (Hisazumi et al., 2015). 
In addition to differences in surface marker expression, RTEs display functional and 
metabolic changes as they mature into naïve T cells. Both CD8 and CD4 RTEs, exhibit 
‘immunosuppressive’ phenotypes. CD8 RTEs produce lower amounts of IFN-γ and IL-2 
after stimulation than activated MN CD8 T cells, and this dampened response is seen long-
term after these cells have matured (Boursalian et al., 2004). Similarly, activated human CD4 
RTEs have been reported, by multiple labs, to be less proliferative, in addition to exhibiting a 
dampened production of IFN-γ, IL-2, IL-4, and lower expression of surface CD25 in 
comparison to activated mature T cells (Haines et al., 2009; Hendricks et al., 2011). 
However, in the presence of a specific cytokine milieu, production of Th2 cytokines by CD4 
RTEs will exceed that of MN T cells (Hendricks et al., 2011).  
Along with effector function differences, metabolic function varies between the two 
cell populations as well. Some research has suggested that these functional differences are 
associated with cell surface marker expression. Studies highlight increased TCR/CD3 
expression and low levels of CD28 as promoting an anergic phenotype because of 
insufficient stimulation (Fink, 2013). Cunningham et al. (2017) showed that CD8+ RTEs 
have reduced aerobic glycolysis, which is impacted by mTORC1 activity and downstream 
effects on Myc expression. Moreover, as a result of dampened metabolic function, IFN-γ 
production is reduced in RTEs in comparison to that of MN T cells. Likewise, mitochondrial 
respiration is diminished in RTEs, as a result of a decrease in CD28 co-stimulation. CD28 
signaling is closely associated with metabolic function, as it plays a regulatory role in 
glycolysis (Frauwirth et al., 2002). Additionally, CD28-signaling impacts mitochondria 
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respiration by affecting cristae morphology, fatty acid entry, and decreased spare respiratory 
capacity (Klein Geltink et al., 2017). In addition, CD28 co-stimulation has a role in multiple 
cellular processes including differentiation, epigenetics and posttranslational modifications 
(Esensten et al., 2016). With the defective co-stimulation, it is no surprise that RTEs 
experience impaired oxidative phosphorylation (Cunningham et al., 2018b). 
Despite RTEs exhibiting functional defects, they do exhibit migratory patterns similar 
to MN T cells in the three-week period it takes for them to mature (Fink, 2013). MN T cells 
circulate through the bloodstream and secondary lymphoid organs, until they encounter 
antigen. While on immune surveillance, naïve T cells favor a resting catabolic state, relying 
OXPHOS for sustained energy (Palmer et al., 2015). Even though immune surveillance can 
be an ATP-demanding process, requiring cytoskeleton rearrangement to move through the 
periphery, cells are able maintain their energy state with basal biosynthesis (MacIver et al., 
2013).  
Modified from Fink et al., 2013 
Figure 1-4. RTEs journey to full 
matured naïve T cells. RTEs exit 
the thymus and follow a 
sphingosine-1-phosphate gradient 
and increase the expression of 
S1P1R on their cell surface. RTEs 
then undergo a 3-week period of 
maturation before considered 
mature naïve (MN) T cells. During 
this time, RTEs are functionally 
and metabolically distinct from 
MN T cells. 
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T cell activation induced metabolic reprogramming 
Together, TCR and CD28 co-stimulation initiate and control an intricate network of 
signaling affecting the cell in the transition from a naïve state to a memory state, regulating 
both function and metabolic cues. Upon activation, mediated by TCR ligation and co-
stimulation, naïve T cells rapidly reprogram their metabolism to increase both aerobic 
glycolysis, as well as mitochondrial respiration (Buck et al., 2015; Jung et al., 2019), to 
support the biosynthesis of lipids, nucleotides, and proteins (MacIver et al., 2013). It is 
important to note, that while aerobic glycolysis is essential in the biosynthesis of molecules 
necessary for cell growth and proliferation, in terms of activation, OXPHOS, not aerobic 
glycolysis is required for activation (Chang et al., 2013). As shown in Figure 1-5, activation-
induced signaling increases mtROS production by complex III, at low levels, which leads to 
NFAT localization into the nucleus, promoting transcription of IL-2 (Smith-Garvin et al., 
2009). Further, inhibition of complex III reduces activation markers CD69 and CD25 (Sena 
et al., 2013). A recent study by Menk et al. (2018), suggests aerobic glycolysis is not actually 
employed immediately upon ligation and instead, a separate metabolic switch occurs, 
requiring pyruvate conversion to lactate in “support of short-term effector function.” This 
immediate reprogramming occurs in the first minutes, and in the hours after activation 
aerobic glycolysis is upregulated. 
Regardless, the coordinated signaling by TCR engagement and co-stimulation of 
CD28 is critical at later time points of activation (Menk et al., 2018) to support increases in 
aerobic glycolysis and induce translocation of nutrient transporters to the cell surface for 
cellular uptake of glucose and amino acids (Figure 1-5, 1-6) (Frauwirth et al., 2002; Geltink 
et al., 2018). However, solo stimulation of the TCR or CD28 have separate and significant 
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impacts on the cell. Activation through the TCR in the first minutes to hours is substantial 
enough to increase glycolytic-associated pathways and CD28 stimulation is thought to be 
dispensable in the initial phase of activation (Menk et al., 2018). TCR activation also 
mediates the transcriptional regulation of the cell by inducing transcription factors c-Myc and 
hypoxia inducible factor 1α (HIF-1α) (Figure1-5). Both transcriptional regulators have 
extensive roles in the regulation of glycolytic metabolism, cell growth, and cell cycle 
progression (Park et al., 2015). Alternatively, CD28 signaling induces the activation and 
regulation of metabolic kinases like the PI(3)K/Akt/mTOR pathway (Jacobs et al., 2008), as 
well as having a significant impact on the morphological changes in the mitochondria (Klein 
Geltink et al., 2017). 
Biorender graphics 
Figure 1-5. 
Influence of 
mitochondrial 
respiration 
during CD4+ T 
cell activation.  In 
the initial stages of 
activation in the 
CD4+ T cell, 
mitochondrial 
respiration is 
important for the 
initiation of 
signaling networks. 
Most importantly, 
at low levels 
mtROS regulate 
cytokine 
transcription regulators NF-κB and NFAT inducing the expression of namely, IL-2 and IFN-
γ and signaling from mTOR to increase activation of NF-κB as well. Additionally, CD28 
signaling has role in priming the mitochondria in an essential role in future T cell responses. 
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PI(3)K/Akt activation has been known to be a key feature of T cell activation via 
CD28 activation. PI(3)K localizes to the cytoplasmic tail of CD28 and phosphorylates PIP2 to 
PIP3, also a product of TCR engagement. PIP3 acts as a dock for the targeted Akt (Smith-
Garvin et al., 2009). Phosphoinositide-dependent kinase 1 (PDK1) also binds to PIP3 and 
phosphorylated Akt, which is the active form. p-Akt is a critical regulator of nuclear 
localization of transcription factors. For instance, p-Akt enhances nuclear localization of NF-
κB by associating with CARMA1, an important complex in NF-κB activation (Smith-Garvin 
et al., 2009). Further, p-Akt plays a regulatory role in NFAT export from the nucleus by 
activating glycogen-synthase kinase 3 (GSK-3), which promotes nuclear export of NFAT 
(Beals et al., 1997). Investigations suggest, if GSK-3 is inactivated by Akt it would allow 
NFAT to stay in the nucleus longer and thus promote IL-2 transcription, but this has not been 
completely elucidated. A nucleus-independent regulation mechanism of NFAT by Akt has 
been proposed. p-Akt causes the dissociation of pNFAT from scaffolding protein Homer, 
allowing for calcineurin to dephosphorylate NFAT for entry into the nucleus (Huang et al., 
2008). 
Directly affecting the energetics of the cell, Akt has been shown to be a necessary 
component in increasing Glut1 trafficking to the cell surface (Jacobs et al., 2008). 
Incidentally, TCR and CD28 ligation causes an increase in nutrient uptake, modulated in part 
by the PI(3)K/Akt signaling pathway. Glut1 trafficking and localization of many other 
membrane transporters necessary during activation is also regulated by ancillary pathway, 
hexosamine. Glucose and glutamine are used to fuel not only the TCA cycle for anaplerosis 
of TCA intermediates critical in the differentiation and function of T cells (Park et al., 2015), 
but also the hexosamine pathway. The hexosamine pathway, which branches off of 
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glycolysis, is used to produce UDP-N-acetylglucosamine (GlcNAc) for protein glycosylation 
(Puleston et al., 2017). Glut1 and many amino acid transporters, including ASCT2 the 
preferred transport protein for glutamine, require N-linked glycosylation for translocation to 
the cell surface on the activated T cell (Carr et al., 2010). 
Along with initiating Glut1 translocation to the cell surface, the PI(3)K/Akt signaling 
pathway is associated with protein synthesis and regulation of transcription factors necessary 
for glycolytic metabolism as well as cell growth and proliferation. One of the major proteins 
it activates is mTOR (mechanistic target of rapamycin) by phosphorylating tuberous sclerosis 
complex 1 (TSC1) and TSC2, freeing Ras homolog enriched brain (RHEB) to activate 
mTORC1 (Powell et al., 2012). mTOR is an essential regulator in protein synthesis, aerobic 
glycolysis, differentiation, and proliferation of cells (Powell et al., 2012; Pollizzi et al, 2015;) 
and forms two complexes composed of various adaptor proteins to form mTORC1 and 
mTORC2 (Powell et al., 2012). These two complexes have different roles and are associated 
with different cell types (MacIver et al., 2013). mTORC1 is associated broadly with growth 
and while mTORC2 is associated with survival and proliferation (Luo et al., 2018). One of 
the major roles of the Akt-mTOR signaling pathway is its regulation of Myc, a critical 
regulator of aerobic glycolysis and cell cycle progression (Wang et al., 2011). 
Insulin receptor signaling in T cell function 
In association with the PI(3)K/Akt/mTOR pathway, the insulin receptor (INSR) plays 
a role in T cell function as well. Cellular activation and an influx of glucose drives INSR 
expression on the cell surface. In the absence of INSR expression, T cell function is 
dampened (Tsai et al., 2018; Fischer et al., 2017). Insulin, a hormone in the body that 
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regulates blood glucose, increases glucose entry into the cell to store it as glycogen for later 
conversion to lipids when necessary. Interest in the insulin receptor on the T cell surface 
dates back to the late 1970’s when Helderman et al. (1978) discovered in rats that activated T 
cells and B cells express the insulin receptor. Interestingly, mice do not exhibit the insulin 
dependence on Glut receptors, especially Glut 3 and 4 (Macintyre et al., 2014), as shown for 
humans and rats (Maratou et al., 2007; Fischer et al., 2017). Signaling through INSR 
activates insulin receptor substrate (IRS) proteins to interact with PI(3)K like CD28 signaling 
as shown in Figure 1-6, and thus, linking INSR to the PI(3)K/Akt pathway. By doing so, 
signaling through INSR plays a role in the translocation of Glut1 and regulation of mTORC1 
activity (Saucedo et al., 2003). Negatively regulating the INSR/PI(3)K/Akt/mTOR pathway 
is Foxhead box O (FOXO), a member of a family of transcription factors. Paradoxically, 
FOXO activates mTORC2, which can induce the active form of Akt by phosphorylation 
(Eijkelenboom et al., 2013). Insulin receptor signaling offers an additional way to enhance 
the activation and metabolic profile of T cells. 
Glut1 expression on T cells 
Increased glycolysis in CD4+ T cells requires an influx of glucose, which is mediated 
by an increase in Glut1 expression on the cell surface (Macintyre et al., 2014). While T cells 
express multiple glucose transporters, Glut1 expression is highly favored and rapidly 
increased to support cell growth and expansion (Macintyre et al., 2014). Glut1 expression on 
the surface has a cell-intrinsic role in driving glycolysis and its expression is regulated by the 
PI(3)K-Akt-mTORC1 signaling pathway (Wieman et al., 2007). Increased glucose within the 
cell, transported in by Glut1, is rapidly phosphorylated by hexokinases, committing the 
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phosphorylated glucose to glycolysis. Aerobic glycolysis supplies rapid ATP as well as fuels 
ancillary pathways necessary for redox balance, growth, proliferation, and post-translational 
modifications (Vander Heiden et al., 2009; Macintyre et al., 2014; Puleston et al., 2017;). In 
effector T cells, active engagement in aerobic glycolysis increases GAPDH activity in the 
conversion of G3P to 1,3-bisphosphoglycerate and thereby prevents it from inhibiting IFN-γ 
translation (Chang et al., 2013). Additionally, increased glucose in the cell induces increased 
expression of LDHA for lactate conversion from pyruvate. Increased lactate is associated 
with high levels of acetyl-CoA which can be used for histone acetylation of the Ifng 
promoter, likewise increasing IFN-γ production by Th1 cells (Peng et al., 2016).  
Biorender 
graphics 
Figure 1-6. 
Influence of 
aerobic 
glycolysis 
during the 
activation of 
the CD4+ T 
cell. Increased 
expression of c-
Myc and HIF-
1α within the 
cell drive the 
increase in 
glycolytic genes 
coordinating 
with the 
increased uptake 
of glucose into the cell by Glut1. Pyruvate can contribute to the TCA cycle by being reduced 
to acetyl-CoA or transaminated to alanine. Acetyl CoA can either enter the TCR cycle or it 
may lose the coenzyme A and be used for histone acetylation at the Ifng promoter region to  
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Figure 1.6. Continued. 
increase IFN-γ production. Pyruvate alternatively, uses LDHA for the conversion into lactate, 
which then is extracellularly released. Additionally, increased glucose uptake also initiates 
signaling through the INSR which induces signaling through the PI(3)K pathway. In the 
event that glycolysis is disengage or there is an excess of GAPDH within the cell it can bind 
to the 3’ UTR of Ifng and inhibit its translation, thereby reducing IFN-γ production. 
T helper cells subsets  
CD4+ T cells have been classified into a variety of subsets: Th1, Th2, Th17, Th9, 
Th22, T follicular helper cells (Tfh), T regulatory cells (Tregs), and Th3 which also has a 
suppressor function. Th1, Th2, Th17 are more commonly known to induce an effector 
response to an immunogen, and generally termed as T effector cells (Teffs). Each subset has 
a distinct ‘master regulator’ transcription factor and cytokine profile associated to them. Th1 
cells are induced by transcription factor T-bet, and produce cytokines IFN-γ, IL-2, and TNF-
α, (Raphael et al., 2015). Th2 is promoted by GATA3 and is associated with the production 
of IL-4, IL-5, and IL-13 (Raphael et al., 2015). Following differentiation signals from TGFβ 
and IL-6, mature Th17 produce IL-17 and IL-22, regulated by transcription factor RORγτ, 
(Raphael et al., 2015). Tregs and Th17 have a unique relationship leading to their 
differentiation. In mice, naïve T cells that differentiate under the influence of TGF-β1 induce 
expression of both RORγτ and FoxP3 (Lee et al., 2009a). IL-6 signaling can sway the 
development to Th17 by dissociating Foxp3. It has also been shown that in certain 
environments Th17 and Tregs can trans-differentiate to each other (Deknuydt et al., 2009; 
Gagliani et al., 2015), and metabolic cues and the microenvironment can affect this trans-
differentiation and is reviewed by (Sun et al., 2017). Lastly, Treg associated transcription 
factor is FOXP3 (in mice and humans) and these cells produce IL-10 and TGF-β (Raphael et 
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al., 2015). Results in cattle, have shown that gamma delta T cells may play a more important 
regulatory role than classical CD4+ CD25+ FoxP3+ T cells (Guzman et al., 2012; Hoek et al., 
2009) Therefore, FOXP3 should be validated with CTLA-4 expression and TGF-β 
production in order to assign them an active suppressive role (Suzuki et al., 2015). 
Metabolism of T effector and regulatory cells 
Activated Th cells, in general, exhibit increased aerobic glycolysis and mitochondrial 
respiration in response to TCR and co-stimulation as discussed previously. However, there 
are subtle differences in the signaling proteins which contribute to distinct metabolic 
signatures, with mTOR having a major role. Proteins associated with the formation of 
mTORC1, if inhibited, will cause a decrease in Th1 and Th17 populations (Delgoffe et al., 
2011). Additionally, Th17 cells have been shown to be affected by hypoxia inducible factor 
1α (HIF-1α), as it is selectively expressed in them (Shi et al., 2011). Notably, HIF-1α is 
regulated by the PI(3)K/Akt/mTOR pathway (Wang et al., 2011). In contrast, Th2 cells are 
known to exhibit enhanced expression of mTORC2 complex proteins, specifically Rictor 
(Delgoffe et al., 2011). Intracellular signaling in each subset varies, affecting the metabolic 
phenotype, and this is likely associated with cell-specific functions. 
Tregs exhibit differential regulation of metabolic pathways compared to Teffs. While 
stimulated by TCR and CD28 engagement, Tregs predominately use FAO and OXPHOS for 
energy production and suppressor activity. Tregs activate AMPK, a nutrient sensor and 
negative regulator of mTOR, to support FAO (Xie et al., 2006). Additionally, in active sites 
of immune activation Tregs are able to perform their suppressive functions and outlast Teffs 
by utilizing FAO for energy (Newton et al., 2016). Having a much slower glycolytic flux 
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than Teffs, is likely caused by two processes: i) inactivation of Akt by PTEN, thus lowering 
Glut1 trafficking to the surface and ii) employing glucokinase, which has a lower affinity for 
glucose and allows them to survive in nutrient deprived microenvironments longer than Teffs 
(Angelin et al., 2017; Kishore et al., 2017; Geltink et al., 2018). 
Metabolic adaptations of naïve to memory T cells 
Aerobic glycolysis and mitochondrial function in concert in the generation of several 
metabolites to maintain and support the dynamic changes of the cell during its lifetime (van 
der Windt et al., 2012). Summarized in Figure 1-7, we show that quiescent, naïve cells rely 
on OXPHOS as they survey the periphery (Buck et al., 2017). Upon activation, cell size and 
number increase employing numerous metabolic pathways and signaling events. Upon 
clearance of the infection or weakening of the activation signal, cells will undergo a 
contraction phase, where a fraction of these cells persists as quiescent memory cells (Chang 
et al., 2007; Gasper et al., 2014). Memory cells reduce aerobic glycolysis and re-engage in 
OXPHOS and FAO for maintenance and longevity (Liesa et al., 2016). Significant signaling 
cues are involved in each of these alterations, as well as morphological changes in organelles, 
specifically the mitochondria. As discussed above, through each of the energetic stages the 
mitochondrion will adapt its shape and location in the cell to monitor metabolites, ROS, 
Ca2+, and energy production to suit each metabolic and functional phenotype (Rambold et al., 
2018).  
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Modified from Menk et al., 2018 with Biorender graphics 
Figure 1-7. Metabolic reprogramming incurred from a quiescent to activated state in 
the CD4+ T cell. Naïve cells survey the periphery in a resting and quiescent state. As such, 
they rely on mitochondrial respiration and fatty acid oxidation. For basal requirements they 
do utilize glycolysis, but it is not an expenditure to the cell. Upon activation and during the 
expansion phase they undergo a metabolic reprogramming that shifts them from utilize 
mitochondrial respiration to requiring an increase in aerobic glycolysis for induction of the 
effector response via cytokine production, cell growth, cell cycle progression, and 
proliferation. 
 
Bovine Immunology  
Immunological growing pains of the calf 
The beef and dairy industry face many challenges in controlling the health of cattle 
herds. From the neonate to the lactating cow, each life stage comes with a separate set of 
challenges for their immune system. The neonatal calf is born with a fully developed, but 
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functionally immature immune system, with little immunological memory. The increased 
susceptibility to infection of the calf is coupled with the unprimed immune system. Though 
immune cells are present, both innate and adaptive cells respond less productively in 
comparison to adult cows. In the beginning weeks of life, calves are passively protected by 
the ingestion of maternal colostrum. Unlike humans, cows have a less permeable placenta 
(Père, 2003) and so maternal transfer of immunoglobulins (Ig) through the placenta is not an 
option. Instead calves must ingest colostrum, which is an immunoglobulin rich lacteal 
secretion containing a variety of nutrients (Quigley et al., 1998), growth factors, immune 
cells (Meganck et al., 2016; Novo et al., 2017), and cytokines (Taylor et al., 1994; Barrington 
et al., 2001; Blum, 2006;). Ingestion of enough colostrum for protective passive immunity 
must contain roughly 150 grams of Ig (Raboisson et al., 2016). Further, ingestion of Igs must 
occur within the first few hours after birth for optimal absorption and, at the latest, twenty-
four hours post birth at which time the gut begins to close (Arthington, 2001; Blum, 2006). 
Failure of passive transfer in the young animal potentiates the risk of mortality, which can 
range from 8-25% (Raboisson et al., 2016). 
Passive immunity 
Studies have shown that the immune system begins to develop in the fetus early in 
gestation with bactericidal activity as early as 75 days. In the first trimester, T and B cells 
traffic to secondary lymphoid organs (Barrington et al., 2001). Upon birth, the full-term 
newborn calf is not compromised as an effect of an under-developed immune system, but one 
that is naïve (Barrington et al., 2001). The naïve state of the calf is further compromised by 
the steroid hormones produced during birth, affecting both the dam and the calf (Chase et al., 
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2008; Woolums, 2010). To circumvent this predisposition, neonatal calves rely on passive 
immunity from their dam before their own immune system can effectively respond to 
infection (Figure 1-8). 
Modified from Chase et al., 
2008  
Figure 1-8. Establishment 
of a productive immune 
system within the young 
calf. Young calves acquire 
passive immunity from 
their dams by ingestion of 
colostrum within 12 hours 
after birth. Colostrum 
contains immunoglobulins 
and colostral cells which 
are absorbed before gut 
closure occurs to ensure 
protection from pathogens. 
At 6-8 weeks of age young 
dairy calves are weaned 
which is incidentally at the point of time when they are most susceptible to infection as their 
active immunity is not yet fully developed. 
Colostrum goes a long way in shaping and directing immune response of calves as 
they mature, through both humoral and cell-mediated immunity. Humoral immunity provides 
essential maternal antibodies to the neonatal calf to increase protection in the first few weeks 
of life and has proven essential for increased calf survival (Woolums, 2010). Older reports 
suggest maternal antibodies are a double-edged sword, essential for early protection, but 
problematic in vaccination protocols by interfering with the immune response to vaccination 
in calves (Chase et al., 2008). Woolums (2007), however, suggests vaccination in the young 
animal does indeed induce immunity, though not by increasing antibody titers but instead by 
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cell-mediated immunity. T cells specifically, are responsible for the long-lasting effects of 
vaccination when introduced in the face of maternal antibody (Woolums, 2007; Nonnecke et 
al., 2010; Woolums et al., 2013). Further, transfer of cell-mediated immunity by colostrum 
improves the stimulation of the immune response in calves compared to calves who received 
cell-depleted colostrum, and furthermore, improves the longevity of health in calves who 
received colostrum with maternal leukocytes. (Reber et al., 2005; Ma et al., 2017). Meganck 
et al. (2016) points out in their study that maternal leukocytes may help induce proliferation 
of lymphocytes during vaccination but suggests they may have a negative impact on antibody 
protection. The effects of maternal leukocytes on cellular- and humoral-mediated immunity 
is a complex matter but is clear that they do have an effect either in the protection or 
production of signals to induce a response. Though not yet examined in cattle, data from 
mice suggest maternal milk T cells can have long term effects on the neonatal immune 
system long after maternal T cells are no longer detected. Dubbed “maternal educational 
immunity,” maternal CD4+ MHC class II+ T cells, likely acquired via trogocytosis during an 
interaction with an MHC class II+ bearing cell at the immunological synapse, can traffic to 
the thymus to direct T cell development, particularly antigen-specific Th1 cells (Ghosh et al., 
2016, 2017). 
Physiological and anatomical developments in the calf  
Along with the development of a protective immune system, calves undergo 
physiological and anatomical changes in the first few months of life. The calf is substantially 
different from adult cattle and termed a “true nonruminant” up to three weeks of age. Calves 
retain characteristic muscular folds and an esophageal groove up to 12-16 weeks of age. In a 
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young calf, the esophageal groove shuttles milk straight to the abomasum (“true stomach”), 
bypassing the first three chambers of the calf’s stomach. Beyond 8 weeks of age they have a 
fully developed rumen. Grains and roughage are added to the calf’s diet which aids in the 
maturation of rumen, in size, villi development, and microbial populations. During these 
development changes, serum components like insulin, glucose, and non-esterified fatty acids 
(NEFAs) fluctuate from high neonatal levels to lower adult levels once the calf is a couple 
months old (Lyford, Jr. et al., 1988; Hugi et al., 1997) Similarly, immune cell populations 
vary with age as well, as described below. 
Calves have a different cellular population profile in their periphery than adult cattle. 
Cattle, in general, are a high gamma delta (γδ+) T cell producing species in comparison to γδ 
low species like mice and humans (Guzman et al., 2014). However, it should be noted that 
calves have an even higher percentage of γδ+ T cells (25-60% of circulating lymphocytes) 
compared to adults (5-15% of circulating lymphocytes) (Davis et al., 1996). In addition, 
calves have a higher population of recent thymic emigrants (RTEs) than adult cattle. As 
discussed earlier, RTEs are metabolically  and functionally distinct in comparison tomature 
naïve T cells (MN) (Fink, 2013). How RTEs exactly that modulates the calf’s immune 
response, remains to be elucidated.  
Defining RTEs in cattle by the presence of sjTRECs 
The T cell population in mice up to three weeks of age is comprised 100% of RTEs 
and that population decreases to 20% as mice age and RTEs mature into naïve T cells (Fink, 
2013). Mature naïve T cells circulate through the periphery and secondary lymphoid organs 
until they encounter antigen. Prior to that, T cells are maintained by homeostatic proliferation 
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(Kohler et al., 2009; Silva et al., 2016). Unlike humans and mice, RTE populations in cattle 
have not yet been defined by expression of specific surface markers. Hisazumi et al. (2015) 
however, developed a qPCR assay to identify bovine signal joint T cell receptor excision 
circle (sjTRECs), an approach previously described for the identification of RTEs in humans 
(Douek et al., 1998) and chickens (Kong et al., 1998). sjTRECS are pieces of DNA excised 
during the rearrangement of the TCR-α chain and because they are not part of the genome, 
they are stable (Haynes et al., 2000). During the rearrangement of the TCRA, the TCRD 
locus is deleted, producing two TRECs: the signal joint which encompasses Recδ to ψJα and 
is excised first, followed by the coding joint which encompasses the remaining D segment to 
be excised between V and J gene segments (Douek et al., 1998; Spits, 2002). cjTRECs 
require 3-4 cell divisions before they are diluted out (Douek et al., 1998) compared to one 
cell division for sjTRECs, making sjTRECs a more appropriate tool for identification of 
RTEs than cjTRECs.  
Granted cell division during the three-week post-thymus maturation period impacts 
the analysis of total RTEs (Hazenberg et al., 2003). sjTRECs are by no means a perfect tool 
with which to identify RTEs. In humans, detection of sjTRECs is used in conjunction with 
the expression of specific surface markers to identify RTEs (Haynes et al., 2000). Human T 
cells exit the thymus with only about 70% of these T cells containing sjTRECs (Verschuren 
et al., 1997), so not all RTEs are identified using TRECs alone. Additionally, studies have 
indicated TRECs are expressed in other cells besides T cells (Fink, 2013), though it has been 
reported these cells do not include γδ+ T cells, memory T cells, or B cells (Douek et al., 
1998). Regardless, quantifying sjTRECs is the best tool currently available for the analysis of 
RTEs in cattle. 
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RTE (sjTRECs) proportion changes with age  
Hisazumi et al. (2016) showed that sjTRECs were higher in younger calves and 
decreased gradually until after day 220, at which point their numbers begin to plateau. On the 
other hand, mature naïve CD4+ and CD8+ T cell numbers increased with age, and after day 
220 were significantly higher than in calves less than 25 days of age. Hisazumi et al. (2016) 
suggested that it is possible the naïve T cell population in the periphery was established 
around 220 days, implying homeostatic regulation of peripheral T cells prevented the 
incorporation of RTEs into the peripheral T cell pool at that age.  
Functional and metabolic distinction of RTEs compared to mature naïve T cells 
Previous reports believed RTEs to have a defective immune function, with dampened 
or skewed cytokine production exhibited by both CD4+ and CD8+ RTEs. Upon activation, 
CD8+ RTEs have been shown to skew towards a short effector-like cell (SLEC) phenotype, 
despite exhibiting decreased cytokine expression compared to mature naïve CD8+ T cells, a 
functional trait shared by CD4+ RTEs (Fink, 2013). Though they do not have an immune 
deficit, CD4+ RTEs do have a distinct function in comparison to their mature counterpart and 
with that, a distinct metabolic phenotype (Fink, 2013; Cunningham et al., 2017, 2018b). 
Under polarizing conditions in mice, CD4+ RTEs fail to maintain lineage commitment and 
show defective production of typical cytokine profiles and depressed expression of relevant 
transcription factors, for Th1, Th17 and Tregs. They do however, maintain commitment to 
the Th2 phenotype (Hendricks et al., 2011). RTEs are not inherently Th2-biased, but under 
Th2-polarizing conditions, they have the capability to be “hyper Th2 effectors” (Hendricks et 
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al., 2011). Further, Makaroff et al. (2009) shows that antigen-exposed CD8+ RTEs have 
impaired memory responses compared to the memory response derived from antigen-
exposed MN T cells, suggesting that maturation stage of T cells matters in regards to long-
term responsiveness. 
In rats, RTEs have a reduced response to skin allograft rejection (Yang et al., 1992)). 
Further, CD4+ RTEs from humans show a failed IL-2 response to bacterial superantigen 
(Imanishi et al., 1998). Berkley et al., (2013) attribute the weak IL-2 and IL-4 response of 
CD4+ RTEs, in comparison to mature counterparts, to epigenetic regulation at key cytokine 
loci, where DNA methylation controls the Il2 and Il4 promoter region. Like mature naïve T 
cells, RTEs experience metabolic quiescence, and this occurs after T cell egress from the 
thymus. RTEs exhibit reduced mitochondrial activity in the form of decreased mitochondrial 
content and mtROS production by autophagy, two prominent features found in single 
positive cells in the thymus (Zhang et al., 2018). As mentioned in earlier sections, RTEs 
express less CD28 on their surface and upon activation this may play a part in their 
dampened responsiveness (MacIver et al., 2008; Klein Geltink et al., 2017; Cunningham et 
al., 2018b). Additionally, RTEs, as characterized in humans, express anergic transcription 
factors and surface antigens phenotypically expressed by anergic-prone cells (Imanishi et al., 
1998; Fink, 2013). Cunningham et al. (2018b) describes metabolic functional differences 
between MN T cells and RTEs, showing that aerobic glycolysis, though “defective” in RTEs, 
can be rescued with exogenous IL-2. However, mitochondrial metabolism is more complex 
and is highly responsive to alterations in CD28 co-stimulatory signals, availability for 
glutamine to enter the TCA cycle, as well as the reduce mitochondrial mass exhibited upon 
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egress from the thymus (Klein Geltink et al., 2017; Cunningham et al., 2018b; Zhang et al., 
2018). 
The exhibited diminished responses by RTEs is not all bad, as this may generate 
tolerance needed to protect the neonate from excessive inflammation. In mice, RTEs are 
TCR/CD3hi (Boursalian et al., 2004) and show a bias towards the Th2 subset (Hendricks et 
al., 2011) presumably because of the weak interaction of the TCR (Paul and Zhu, 2010). 
Consequently, Th2 commitment of RTEs leads to the inhibition of a highly proinflammatory 
Th1 response and dampened production of IL-2 and IFN-γ. Skewing toward Th2 
responsiveness in the neonate could potentiate a reduction in immunopathology caused by 
uncontrolled inflammation at a time when Treg numbers are low in the periphery (Hendricks 
and Fink, 2011). It also important to note that RTEs are the preferential precursors to induced 
Tregs (iTregs) (Paiva et al., 2013), Tregs that are differentiated in the periphery, and under 
non-inflammatory conditions are prone to tolerization and anergy. CD4+ RTEs express 
increased amounts of anergy-associated genes (DKCα and CBL-1b) compared to mature T 
cells (Friesen et al., 2016). Further, RTEs have been reported to have dampened aerobic 
glycolysis, a trait shared with anergic T cells (Zheng et al., 2009).  
Development of the calf T cell response  
RTEs are the dominate population of peripheral T cells in the neonate. In the event of 
an infection, neonatal calves rely on passive immunity to aid in the clearance of an infection. 
As the young calf develops, RTEs numbers decrease, while mature naïve CD4 and CD8 T 
cell numbers increase. Calves 25 days old or less have the highest population of RTEs 
(sjTRECs) and these decrease beyond 7 months of age (Hisazumi et al., 2016). At the same 
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time, CD4 and CD8 T cells increase with increasing age (Hisazumi et al., 2016). Like other 
species, the activated T cell response in calves is predominately biased towards a Th2 
response. RTEs likely exacerbate the Th2 response by MN T cells due to their affinity to 
lineage commit to the Th2 subset in an active immune response (Hendricks et al., 2011). 
While Th2 cells are effective in parasite clearance and mediating antibody production, calves 
lack in the production of pro-inflammatory cytokines, like IFN-γ, a product of the Th1 
immune response which is responsible for targeting intracellular pathogens, like bacteria and 
viruses (Chase et al., 2008). In addition to a Th2-skewed immune response, the 
hyporeactivity described in the young can be attributed to limited Ca2+ flux (Schmiedeberg et 
al., 2016), with RTEs again, a leading contributor. Other factors influencing the Th2-favored 
response in neonates include dampened innate immunity (Morein et al., 2002), intrinsic 
hypermethylation at the Ifng promoter region (Berkley et al., 2013; Debock et al., 2014), and 
fluctuations in hormones from birth (Chase et al., 2008). During the first six to eight weeks 
of life, calves undergo physiological, anatomical, and dynamic changes in their immune 
system, which by around six months of age begins to resemble that of an adult. 
While it has been shown that immune surveillance is an active energy process, basal 
levels of energy production can fulfill the needs of the cell. Once cells are activated, their 
metabolic profile is, along with surface marker expression, altered to instigate downstream 
signaling events involved in differentiation and movement to the site of infection. 
Characteristic markers of activation in the human, mouse (Dailey, 1998), and cattle (Waters 
et al., 2003; Foote et al., 2005) include the early activation marker CD69, CD25 (IL-2Rα), 
adhesion molecule CD44, and lymph node homing receptor L-selectin (CD62L). CD69 is 
part of the C-type lectin domain family and binds to Gal-1, a carbohydrate binding protein 
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expressed on antigen-presenting cells (Cibrián et al, 2017). As an early activation marker, 
CD69 can be detected on the surface of the membrane 2-3 hours after CD3 engagement. 
CD69-Gal-1 interaction regulates expression of S1P1 receptor, mediates egress from the 
lymph node, by internalizing it for degradation (Shiow et al., 2006; Cibrián et al., 2017) and 
stabilizing major amino-acid transporter Lat1-CD98 (Sinclair et al., 2013, Cibrian et al., 
2016). Signaling downstream of CD69 has been shown to be a point of regulation and 
differentiation of T helper cells particularly Th1/Th17 and Tregs (Cibrián et al., 2017). 
CD25, IL-2 receptor alpha, has a critical role in the immune response, providing a 
high-affinity binding site for IL-2 to initiate downstream signaling through STAT5, PI(3)K, 
and MAPK/ERK pathways (Fan et al., 2018). CD25 is upregulated after activation and drives 
T cell proliferation and differentiation. CD4+ RTEs are the exception and they actually have 
reduced CD25 expression following activation, which coincides with decreased proliferation 
(Cunningham et al., 2018a). Additionally, CD25 is constitutively expressed only on Tregs, 
while other subsets upregulate it during activation. Surface CD25 expression is used along 
with the transcription factor FoxP3 to identify Tregs. (Newton et al., 2016). Tregs and IL-2 
have a complicated relationship. Tregs need STAT5 activation for expression of FoxP3, but 
IL-2 signaling also induces functional activity of Teffs via PI(3)K and MAPK/ERK. 
However, Tregs have mechanisms in place to counteract PI(3)K signaling by 
dephosphorylating PIP3 and Akt (Fan et al., 2018). 
Lastly, CD44 and CD62L are two markers critical in the migration of activated cells. 
CD44 is an adhesion molecule which aids in extravasation of cells to sites of inflammation 
(Dailey, 1998) while CD62L, in contrast, is expressed on resting cells and is required to enter 
the lymph nodes. Upon activation, CD62L surface expression is decreased on CD4+ cells 
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(Waters et al., 2003). The coordinated expression of these markers plays a part in directing 
the cell to the site of activation, with ensuing downstream signaling necessary for 
metabolism, differentiation, proliferation and survival. It has been reported, neonatal calves 
do not exhibit expression of these molecules similar to adults until around six months of age 
(Foote et al., 2005), which also contributes to the functional differences in lymphocytes seen 
between age groups. 
Immunological changes from the calf to the cow 
At six to seven months of age, cells from calves show similar surface marker 
expression patterns and proportions of sjTRECs to peripheral T cells compared to adults. 
Heifers reach puberty at about a year and are bred between their first and second year of life, 
beginning the cycle of pregnancy and the onset of lactation post-partum. Both processes are 
highly energetically demanding and can induce temporary immunosuppression in the heifer. 
As such there is an impact on the innate immune system causing a decrease in neutrophil 
function and either skewing the Th cell response to decrease the pro-inflammatory process or 
inducing a microenvironment that negatively affects lymphocyte function, i.e. increased 
steroid hormones or influx of lipids in the serum. 
Pregnancy results in the immunomodulation of the cellular response of the cow and 
occurs in three phases. In the first trimester, the pregnant individual requires a strong 
inflammatory response as essentially the blastocyst creates wound sites that must be repaired 
as it makes its way to the uterus. Additionally, the trophoblasts form a blood supply from the 
mother to the fetus through placental engagement with the uterine epithelium invoking a 
strong inflammatory response there as well (Mor et al., 2011). In the second trimester, like 
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the naïve calf, the pregnant mother develops an anti-inflammatory response and T cells are 
skewed toward a Th2 phenotype. Changing to an anti-inflammatory response is necessary to 
avoid provoking a highly pro-inflammatory reaction as a protective mechanism for the fetus 
from the maternal immune system (Mor et al., 2010). Near parturition, the immune system 
increases its pro-inflammatory capability in order to deliver the newborn. Post-parturition 
provides a rush of hormones that dampen the pro-inflammatory state and these affects are 
prevalent in both the dam and the offspring (Chase et al., 2008; Robinson et al., 2012). In 
humans, Th1-mediated diseases such as multiple sclerosis (MS) and rheumatoid arthritis 
have been shown to decrease in severity, whereas those that are Th2-mediated, like systemic 
erythematous lupus can be worsened during the pregnancy (Vukusic et al., 2004; Engler et 
al., 2017). In mice postpartum, MS relapses occur immediately and on average occurs 3 
months post-partum in humans (Vukusic et al., 2004). Pregnancy is an immunomodulated 
state and has been proposed as a “period of temporary immune tolerance” (Gleicher et al., 
2017). The tolerance seen in pregnancy is elicited by induction of Th2 and Tregs to suppress 
Th1 responses, reminiscent of the immune response during a parasite infection (Blackwell et 
al., 2015). In the cow, effects of pregnancy can be seen in the periphery around days 33-34 
with increased Treg cells as indicated by increased expression of CD4 and CD25 (Oliveira et 
al., 2012). However, in cattle, CD4+ CD25+ Foxp3+ Tregs have been shown to lack significant 
suppressive activity and γδ+ T cells have recently gained traction as the chief regulatory cell 
(Guzman et al., 2014). It is of note that bovine γδ + T cells numbers increase around 
parturition (Oliveira et al., 2012). 
Additionally, as seen in aging, during pregnancy the thymus involutes likely due to 
changes in levels of hormones like progesterone and glucocorticoid (Tibbetts et al., 2002). 
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However, it has been shown in mice, the involution of the thymus is not permanent and post-
parturition it will return to normal size (Clarke et al., 1994; Zoller et al., 2007). Further, it has 
been shown in mice, that progesterone binds to the glucocorticoid receptor on T cells to 
increase the Treg population, further inducing a tolerance-like state during pregnancy (Engler 
et al., 2017). Pregnancy-induced tolerance does not exist throughout the full-term of the 
pregnancy. Studies in humans reveal that mid-gestation is tolerance-driven with increased 
regulatory cells of both adaptive and innate immune systems (Tregs and myeloid dendritic 
cells), increased inhibitory markers, and the immunosuppressive hormone progesterone 
(Shah et al., 2017). However, during late-gestation, a gradual shift towards immune 
activation occurs, as exhibited by the upregulation of T cell activation markers on the surface 
(Shah et al., 2017). Parturition is an inflammatory process and the hormones-induced during 
this process to control the inflammation can persist and enableimmunosuppressive effects by 
increasing the differentiation of regulatory cells like Tregs, γδ+ T cells, and M2 macrophages. 
Inadvertently, the increase if suppressor cells helps to facilitate bacterial infections with a 
reduced capacity to clear them (Hansen, 2013). Immunosuppressive roles on progesterone 
dissipates early post-partum, but it is unclear how long-lasting other components may persist 
affecting cell-mediated immunity in the dam (Hansen, 2013).Chances of infection, 
particularly metritis is increased, and the persistent immunosuppression provides an 
opportunity for subclinical infections, like mastitis, to become clinical (Hansen, 2013; 
Moosavi et al., 2014). 
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Physiological changes and immunosuppression during early lactation  
The lactation cycle of the dairy cow is a highly energetic process and requires 
reallocation of nutrients. Depending on the stage of lactation and gestation, the concentration 
of many serum components can fluctuate. Despite shuttling glucose to the fetus during 
pregnancy and to mammary glands for increased milk prodution, especially in early lactation, 
a healthy cow will try to maintain blood glucose levels among all stages of lactation due to 
homeorhetic regulation (Cozzi et al., 2011; Wankhade et al., 2017). Regardless, glucose 
concentrations decrease post-parturition. In the first few days post-partum, the mammary 
gland demands 2.5 times more glucose than is required to maintain the fetus in late gestation 
(Bell, 1995), eliciting a major flux of lipid mobilization. To compensate for the increased 
glucose requirement, unmet by dietary means, body fat and muscle protein are mobilized to 
the liver for de novo synthesis of glucose, i.e. gluconeogenesis (Bell et al., 1997) by utilizing 
the glycerol backbone of triglycerides and protein breakdown into amino acids, respectively. 
The increased lipid mobilization and NEFAs in the cow during early lactation is an indicator 
of negative energy balance (NEB) (Cozzi et al., 2011; Ingvartsen et al., 2015). NEB is a 
critical factor in the increased susceptibility of early lactation cows to infection and 
metabolic dysfunction (Ingvartsen and Moyes, 2015). All of these physiological alterations 
come at a time when early lactation cows are re-populating their lymphocyte pool (Contreras 
et al., 2010). Post-parturition cows are likely compromised by a Th2-biased immune 
response (Morein et al., 2002), functional impairment of neutrophils (Scalia et al., 2006; 
Grinberg et al., 2008), and increased immunosuppressive hormones from pregnancy (Hansen, 
2013). Additionally, they have an increased susceptibility to metabolic disorders, like milk 
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fever (Ohtsuka et al., 2013), as well as disorders associated with lipid mobilization and NEB, 
like ketosis (Ruoff et al., 2017).  
NEFAs and ketone bodies  
Schwarm et al. (2013) suggests decreased energy balance is a major driver of 
immunosuppression. Using high NEFA concentrations as an indicator of negative energy 
balance, cows unable to meet nutritional demands have reduced lymphocyte and monocyte 
activation. Further, NEFA concentrations in the range of 0.125 mmol/L or higher, negatively 
impacted IFN-γ production and concentrations exceeding 0.25 mmol/L decreased the 
replication of PBMCs (Lacetera et al., 2004). Increased lipid mobilization causes increased 
levels of NEFAs, ketone bodies, and lipoproteins in the plasma (van Knegsel et al., 2007; 
Contreras et al., 2010). Like high concentrations of NEFA, ketone bodies have also been 
shown to have immunosuppressive activity by preventing the formation of neutrophil 
extracellular traps (Grinberg et al., 2008) and decreasing lymphocyte blastogenesis and 
proliferation (Franklin et al., 1991; Ingvartsen et al, 2013). Unlike ketone bodies, which are 
not utilized as fuel for innate cells, like macrophages (Ingvartsen et al., 2015), fatty acids can 
be incorporated into the cell as a fuel source and formation of structural components (de Jong 
et al., 2014). 
Unsaturated and saturated fatty acids 
Saturated fatty acids typically have a stimulatory effect and unsaturated fatty acids 
have an inhibitory effect on immune cells of both innate and adaptive immunity, particularly 
neutrophils and T cells (Van Laethem et al., 2003; Lee et al., 2004; de Jong et al., 2014). In 
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cattle during a dietary induced NEB, neutrophils upregulated pathogen sensing receptor toll-
like receptors (TLRs), particularly TLR2 and TLR4 (Lee et al., 2004). During lipid 
mobilization in the early stages of lactation, the peripheral blood contains a rich lipid 
environment, particularly of saturated fatty acids. Of the saturated fatty acids present, stearic 
and palmitic acids are most important to lymphocytes as they can be incorporated into the 
cellular membrane of T cells (Van Laethem et al., 2003; Contreras et al., 2010). 
Cows in early lactation incorporate palmitic and stearic acid into cellular membranes 
of lymphocytes (Contreras et al., 2010) which may help to enhance signaling, particularly in 
T cells for TCR signaling (Van Laethem et al., 2003). Increased incorporation of these two 
saturated fatty acids during early lactation could be especially important at a time when 
glucocorticoid concentrations in the preceding weeks pre-partum and twenty-four hours post-
partum is relatively high in plasma (Ingvartsen et al., 2015). Glucocorticoids are a potent 
inhibitor of T cell activation and have been shown to alter lipid rafts in the membrane, 
displacing key signaling proteins (Van Laethem et al., 2003). Though glucocorticoid levels 
drop shortly after parturition, immunosuppressive affects continue during the first few weeks 
of early lactation, indicating other suppressive mechanisms may contribute to the enhanced 
susceptibility of these cows to infection during a high energy demanding time.  
Alternatively, linoleic acid, an unsaturated fatty acid, is increased in the lipid fraction 
2 weeks after parturition and into early lactation (Contreras et al., 2010). Linoleic acid, in 
addition to other unsaturated fatty acids, has the potential to be induce cell death even at low 
concentrations (de Jong et al., 2014). Serving both protective and suppressive/damaging 
roles, it is important to note that while T cells can utilize fatty acids to enhance their response 
to stimuli in form of proliferation and cytokine production, high concentrations of fatty acids 
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can have detrimental effects leading to mitochondrial membrane depolarization and apoptosis 
(de Jong et al., 2014).  
Immunomodulation in mid-, late lactation, and dry cows 
The course of early lactation is the most susceptible time for infections to occur in 
cows due to post-partum suppression and physiological imbalance driven by peak milk 
production and reduced dry matter intake. This window of susceptibility is maintained until a 
cow reaches mid-lactation. Mid-lactation begins around 70-80 days in milk and is 
characterized by an energy balance between dry matter intake and milk production, along 
with restoration in body weight. However, if a cow in mid-lactation fails to increase their 
body condition they are more susceptible to infection than cows that were able to increase 
body weight. In comparison to early lactation cows, mid lactation cows typically have lower 
serum NEFA concentrations and reduced lipid mobilization, as they are able to meet both 
nutritional and milk production demands (Walters et al., 2002; Cozzi et al., 2011). Further, 
mid lactation cows have been shown to be more immunocompetent than early lactation cows 
as exhibited by better immune protection in the case of E. coli infection (Shuster et al., 1996). 
Typically, lower NEFA levels are also found in cows during late lactation and during 
the dry period (Contreras et al., 2010). During late lactation, nutrient partitioning in the 
mammary gland is reduced and feed intake is maintained in this period to support the 
growing fetus (Knegsel, 2014). Major impacts at this stage of lactation are due to pregnancy. 
Fluctuations seen in the immune system can be attributed to hormonal changes which tend to 
bias Th cells toward Th2 because of its less inflammatory immune profile (Oliveira et al., 
2012; Shah et al., 2017). As a cow transitions into the dry period, their dietary needs change 
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as well. Therefore, feeding a maintenance diet is critical during the dry period. Increased 
body condition score at the time of parturition increases the incidence of ketosis, largely due 
to the rapid release of lipid from a heavily conditioned cow resulting in an overwhelming 
increase in lipid mobilization and NEFA concentrations (Lacetera et al., 2010). Additionally, 
heavily conditioned cows postpartum have a dampened humoral and cellular-mediated 
immunity, observed by low IgM levels which are not a major immunoglobulin passively 
transferred in colostrum, and decreased IFN-γ production in comparison to normal and thin 
cows (Lacetera et al., 2010). Other studies indicate IgG levels are low post-partum until 4 
weeks later and the low levels of IgG in the dam are correlated with the IgG transferred to 
colostrum (Herr et al., 2011). 
 
Concluding statements 
 The dairy cow undergoes several dynamic immunological and physiological 
challenging processes during their lifetime. Modulation of the immune system at each stage 
is a calculated and managed response to each stressor and infection the animal encounters. 
During an immune challenge and in response to ever-changing physiological requirements 
during pregnancy and lactation, intracellular metabolism of immune cells is modulated to 
best-fit the surrounding microenvironment and provide the necessary immune activation to 
maintain the health of the dairy cow.  
 
51 
References 
Adams, W.C., Chen, Y.H., Kratchmarov, R., Yen, B., Nish, S.A., Lin, W.H.W., Rothman, 
N.J., Luchsinger, L.L., Klein, U., Busslinger, M., Rathmell, J.C., Snoeck, H.W., Reiner, 
S.L., 2016. Anabolism-Associated Mitochondrial Stasis Driving Lymphocyte 
Differentiation over Self-Renewal. Cell Rep. 17, 3142-3152. 
https://doi.org/10.1016/j.celrep.2016.11.065 
Agathocleous, M., Harris, W.A., 2013. Metabolism in physiological cell proliferation and 
differentiation. Trends Cell Biol. 23, 484–492. https://doi.org/10.1016/j.tcb.2013.05.004 
Alon, R., 2017. A Sweet Solution: Glycolysis-Dependent Treg Cell Migration. Immunity 47, 
805–807. https://doi.org/10.1016/j.immuni.2017.11.006 
Angajala, A., Lim, S., Phillips, J.B., Kim, J.-H., Yates, C., You, Z., Tan, M., 2018. Diverse 
Roles of Mitochondria in Immune Responses: Novel Insights Into Immuno-Metabolism. 
Front. Immunol. 9. https://doi.org/10.3389/fimmu.2018.01605 
Angelin, A., Gil-de-Gómez, L., Dahiya, S., Jiao, J., Guo, L., Levine, M.H., Wang, Z., Quinn, 
W.J., Kopinski, P.K., Wang, L., Akimova, T., Liu, Y., Bhatti, T.R., Han, R., Laskin, 
B.L., Baur, J.A., Blair, I.A., Wallace, D.C., Hancock, W.W., Beier, U.H., 2017. Foxp3 
Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate 
Environments. Cell Metab. 25, 1282-1293.e7. 
https://doi.org/10.1016/j.cmet.2016.12.018 
Arthington, J.D., 2001. Technolgies for Delivering Passive Immunity to Newborn Calves, in: 
Proceedings of the 12th Annual Florida Ruminant Nutrition Symposium. pp. 80–90. 
https://doi.org/10.23986/afsci.72710 
Bai, A., Hu, H., Yeung, M., Chen, J., 2007. Kruppel-Like Factor 2 Controls T Cell 
Trafficking by Activating L-Selectin (CD62L) and Sphingosine-1-Phosphate Receptor 1 
Transcription. J. Immunol. 178, 7632–7639. 
https://doi.org/10.4049/jimmunol.178.12.7632 
Baixauli, F., Martín-Có Freces, N.B., Morlino, G., Carrasco, Y.R., Calabia-Linares, C., 
Veiga, E., Serrador, J.M., Sá Nchez-Madrid, F., 2011. The mitochondrial fission factor 
dynamin-related protein 1 modulates T-cell receptor signalling at the immune synapse. 
EMBO J. 30, 1238–1250. https://doi.org/10.1038/emboj.2011.25 
Barrington, G.M., Parish, S.M., 2001. Bovine neonatal immunology. Vet. Clin. North Am. 
Food Anim. Pract. 17, 463–76. https://doi.org/10.1016/S0749-0720(15)30001-3 
Bartlett, P.C., Sordillo, L.M., Byrem, T.M., Norby, B., Grooms, D.L., Swenson, C.L., 
Zalucha, J., Erskine, R.J., 2014. Options for the control of bovine leukemia virus in 
dairy cattle. J. Am. Vet. Med. Assoc. 244, 914–22. 
https://doi.org/10.2460/javma.244.8.914 
52 
Beals, C.R., Sheridan, C.M., Turck, C.W., Gardner, P., Crabtree, G.R., 1997. Nuclear export 
of NF-ATc enhanced by glycogen synthase kinase-3. Science 275, 1930–4. 
https://doi.org/10.1126/science.275.5308.1930 
Bell, A.W., 1995. Regulation of organic nutrient metabolism during transition from late 
pregnancy to early lactation. J. Anim. Sci. 73, 2804. 
https://doi.org/10.2527/1995.7392804x 
Bell, A.W., Bauman, D.E., 1997. Adaptations of glucose metabolism during pregnancy and 
lactation. J. Mammary Gland Biol. Neoplasia 2, 265–78. 
https://doi.org/https://doi.org/10.1023/A:1026336505343 
Berkley, A.M., Hendricks, D.W., Simmons, K.B., Fink, P.J., 2013. Recent thymic emigrants 
and mature naive T cells exhibit differential DNA methylation at key cytokine loci. J. 
Immunol. 190, 6180–6. https://doi.org/10.4049/jimmunol.1300181 
Bianchi, K., Rimessi, A., Prandini, A., Szabadkai, G., Rizzuto, R., 2004. Calcium and 
mitochondria: Mechanisms and functions of a troubled relationship. Biochim. Biophys. 
Acta - Mol. Cell Res. 1742, 119–131. https://doi.org/10.1016/j.bbamcr.2004.09.015 
Blackwell, A.D., Tamayo, M.A., Beheim, B., Trumble, B.C., Stieglitz, J., Hooper, P.L., 
Martin, M., Kaplan, H., Gurven, M., 2015. Helminth infection, fecundity, and age of 
first pregnancy in women. Science 350, 970–2. https://doi.org/10.1126/science.aac7902 
Blum, J.W., 2006. Nutritional physiology of neonatal calves. J. Anim. Physiol. Anim. Nutr. 
(Berl). 90, 1–11. https://doi.org/10.1111/j.1439-0396.2005.00614.x 
Boursalian, T.E., Golob, J., Soper, D.M., Cooper, C.J., Fink, P.J., 2004. Continued 
maturation of thymic emigrants in the periphery. Nat. Immunol. 5, 418–25. 
https://doi.org/10.1038/ni1049 
Brookes, P.S., 2005. Mitochondrial H + leak and ROS generation: An odd couple. Free 
Radic. Biol. Med. 38, 12–23. https://doi.org/10.1016/j.freeradbiomed.2004.10.016 
Buck, M.D., O’Sullivan, D., Klein Geltink, R.I., Curtis, J.D., Chang, C.-H., Sanin, D.E., Qiu, 
J., Kretz, O., Braas, D., van der Windt, G.J.W., Chen, Q., Huang, S.C.-C., O’Neill, 
C.M., Edelson, B.T., Pearce, E.J., Sesaki, H., Huber, T.B., Rambold, A.S., Pearce, E.L., 
2016. Mitochondrial Dynamics Controls T Cell Fate through Metabolic Programming. 
Cell 166, 63–76. https://doi.org/10.1016/j.cell.2016.05.035 
Buck, M.D., O’Sullivan, D., Pearce, E.L., 2015. T cell metabolism drives immunity. J. Exp. 
Med. 212, 1345–1360. https://doi.org/10.1084/jem.20151159 
Buck, M.D., Sowell, R.T., Kaech, S.M., Pearce, E.L., 2017. Metabolic Instruction of 
Immunity. Cell 169, 570–586. https://doi.org/10.1016/j.cell.2017.04.004 
53 
Cadenas, S., 2018. Mitochondrial uncoupling, ROS generation and cardioprotection. 
Biochim. Biophys. Acta - Bioenerg. 1859, 940–950. 
https://doi.org/10.1016/j.bbabio.2018.05.019 
Cárdenas, C., Miller, R.A., Smith, I., Bui, T., Molgó, J., Müller, M., Vais, H., Cheung, K.-H., 
Yang, J., Parker, I., Thompson, C.B., Birnbaum, M.J., Hallows, K.R., Foskett, J.K., 
2010. Essential regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+ 
transfer to mitochondria. Cell 142, 270–83. https://doi.org/10.1016/j.cell.2010.06.007 
Carlson, C.M., Endrizzi, B.T., Wu, J., Ding, X., Weinreich, M.A., Walsh, E.R., Wani, M.A., 
Lingrel, J.B., Hogquist, K.A., Jameson, S.C., 2006. Kruppel-like factor 2 regulates 
thymocyte and T-cell migration. Nature 442, 299–302. 
https://doi.org/10.1038/nature04882 
Carpenter, A.C., Bosselut, R., 2010. Decision checkpoints in the thymus. Nat. Immunol. 11, 
666–673. https://doi.org/10.1038/ni.1887 
Carr, E.L., Kelman, A., Wu, G.S., Gopaul, R., Senkevitch, E., Aghvanyan, A., Turay, A.M., 
Frauwirth, K.A., 2010. Glutamine uptake and metabolism are coordinately regulated by 
ERK/MAPK during T lymphocyte activation. J. Immunol. 185, 1037–44. 
https://doi.org/10.4049/jimmunol.0903586 
Chang, C.-H., Curtis, J.D., Maggi, L.B., Faubert, B., Villarino, A. V., O’Sullivan, D., Huang, 
S.C.-C., van der Windt, G.J.W., Blagih, J., Qiu, J., Weber, J.D., Pearce, E.J., Jones, 
R.G., Pearce, E.L., 2013. Posttranscriptional Control of T Cell Effector Function by 
Aerobic Glycolysis. Cell 153, 1239–1251. https://doi.org/10.1016/j.cell.2013.05.016 
Chang, J.T., Palanivel, V.R., Kinjyo, I., Schambach, F., Intlekofer, A.M., Banerjee, A., 
Longworth, S.A., Vinup, K.E., Mrass, P., Oliaro, J., Killeen, N., Orange, J.S., Russell, 
S.M., Weninger, W., Reiner, S.L., 2007. Asymmetric T lymphocyte division in the 
initiation of adaptive immune responses. Science 315, 1687–91. 
https://doi.org/10.1126/science.1139393 
Chase, C.C.L., Hurley, D.J., Reber, A.J., 2008. Neonatal Immune Development in the Calf 
and Its Impact on Vaccine Response. Vet. Clin. North Am. - Food Anim. Pract. 24, 87–
104. https://doi.org/10.1016/j.cvfa.2007.11.001 
Chassé, H., Boulben, S., Costache, V., Cormier, P., Morales, J., 2016. Analysis of translation 
using polysome profiling. Nucleic Acids Res. 45, 1–9. 
https://doi.org/10.1093/nar/gkw907 
Cibrian, D., Saiz, M.L., de la Fuenta, H., 2016. CD69 controls the uptake of L-tryptophan 
through LAT1-CD98 and AhR-dependent secretion of IL-22 in psoriasis. Nat. Immunol. 
https://doi.org/10.1038/ni.3504 
  
54 
Cibrián, D., Sánchez-Madrid, F., 2017. CD69: from activation marker to metabolic 
gatekeeper. Eur. J. Immunol. 47, 946–953. https://doi.org/10.1002/eji.201646837 
Cogliati, S., Frezza, C., Soriano, M.E., Varanita, T., Quintana-Cabrera, R., Corrado, M., 
Cipolat, S., Costa, V., Casarin, A., Gomes, L.C., Perales-Clemente, E., Salviati, L., 
Fernandez-Silva, P., Enriquez, J.A., Scorrano, L., 2013. Mitochondrial Cristae Shape 
Determines Respiratory Chain Supercomplexes Assembly and Respiratory Efficiency. 
Cell 155, 160–171. https://doi.org/10.1016/j.cell.2013.08.032 
Contreras, G.A., O’Boyle, N.J., Herdt, T.H., Sordillo, L.M., 2010. Lipomobilization in 
periparturient dairy cows influences the composition of plasma nonesterified fatty acids 
and leukocyte phospholipid fatty acids. J. Dairy Sci. 93, 2508–16. 
https://doi.org/10.3168/jds.2009-2876 
Cozzi, G., Ravarotto, L., Gottardo, F., Stefani, A., Contiero, B., Moro, L., Brscic, M., Dalvit, 
P., 2011. Short communication: Reference values for blood parameters in Holstein dairy 
cows: Effects of parity, stage of lactation, and season of production. J. Dairy Sci. 94, 
3895–3901. https://doi.org/10.3168/jds.2010-3687 
Cribbs, J.T., Strack, S., 2007. Reversible phosphorylation of Drp1 by cyclic AMP-dependent 
protein kinase and calcineurin regulates mitochondrial fission and cell death. EMBO 
Rep. 8, 939–944. https://doi.org/10.1038/sj.embor.7401062 
Cunningham, C.A., Bergsbaken, T., Fink, P.J., 2017. Cutting Edge: Defective Aerobic 
Glycolysis Defines the Distinct Effector Function in Antigen-Activated CD8+ Recent 
Thymic Emigrants. J. Immunol. 198, 4575–4580. 
https://doi.org/10.4049/jimmunol.1700465 
Cunningham, C.A., Helm, E.Y., Fink, P.J., 2018a. Reinterpreting recent thymic emigrant 
function: defective or adaptive? Curr. Opin. Immunol. 51, 1–6. 
https://doi.org/10.1016/j.coi.2017.12.006 
Cunningham, C.A., Hoppins, S., Fink, P.J., 2018b. Cutting Edge: Glycolytic Metabolism and 
Mitochondrial Metabolism Are Uncoupled in Antigen-Activated CD8+ Recent Thymic 
Emigrants. J. Immunol. 201, 1627–1632. https://doi.org/10.4049/jimmunol.1800705 
Dailey, M.O., 1998. Expression of T lymphocyte adhesion molecules: regulation during 
antigen-induced T cell activation and differentiation. Crit. Rev. Immunol. 18, 153–84. 
de Jong, A.J., Kloppenburg, M., Toes, R.E.M., Ioan-Facsinay, A., 2014. Fatty acids, lipid 
mediators, and T-cell function. Front. Immunol. 5, 483. 
https://doi.org/10.3389/fimmu.2014.00483 
  
55 
DeBerardinis, R.J., Mancuso, A., Daikhin, E., Nissim, I., Yudkoff, M., Wehrli, S., 
Thompson, C.B., 2007. Beyond aerobic glycolysis: transformed cells can engage in 
glutamine metabolism that exceeds the requirement for protein and nucleotide synthesis. 
Proc. Natl. Acad. Sci. U. S. A. 104, 19345–50. https://doi.org/10.1073/pnas.0709747104 
Debock, I., Flamand, V., 2014. Unbalanced Neonatal CD4(+) T-Cell Immunity. Front. 
Immunol. 5, 393. https://doi.org/10.3389/fimmu.2014.00393 
Deknuydt, F., Bioley, G., Valmori, D., Ayyoub, M., 2009. IL-1beta and IL-2 convert human 
Treg into T(H)17 cells. Clin. Immunol. 131, 298–307. 
https://doi.org/10.1016/j.clim.2008.12.008 
Delgoffe, G.M., Pollizzi, K.N., Waickman, A.T., Heikamp, E., Meyers, D.J., Horton, M.R., 
Xiao, B., Worley, P.F., Powell, J.D., 2011. The kinase mTOR regulates the 
differentiation of helper T cells through the selective activation of signaling by 
mTORC1 and mTORC2. Nat. Immunol. 12, 295–303. https://doi.org/10.1038/ni.2005 
Desdín-Micó, G., Soto-Heredero, G., Mittelbrunn, M., 2018. Mitochondrial activity in T 
cells. Mitochondrion 41, 51–57. https://doi.org/10.1016/j.mito.2017.10.006 
Divakaruni, A.S., Brand, M.D., 2011. The regulation and physiology of mitochondrial proton 
leak. Physiology (Bethesda). 26, 192–205. https://doi.org/10.1152/physiol.00046.2010 
Donnelly, R.P., Finlay, D.K., 2015. Glucose, glycolysis and lymphocyte responses. Mol. 
Immunol. 68, 513–519. https://doi.org/10.1016/j.molimm.2015.07.034 
Douek, D.C., McFarland, R.D., Keiser, P.H., Gage, E.A., Massey, J.M., Haynes, B.F., Polis, 
M.A., Haase, A.T., Feinberg, M.B., Sullivan, J.L., Jamieson, B.D., Zack, J.A., Picker, 
L.J., Koup, R.A., 1998. Changes in thymic function with age and during the treatment of 
HIV infection. Nature 396, 690–5. https://doi.org/10.1038/25374 
Eger, M., Hussen, J., Koy, M., Dänicke, S., Schuberth, H.-J., Breves, G., 2016. Glucose 
transporter expression differs between bovine monocyte and macrophage subsets and is 
influenced by milk production. J. Dairy Sci. 99, 2276–2287. 
https://doi.org/10.3168/jds.2015-10435 
Eijkelenboom, A., Burgering, B.M.T., 2013. FOXOs: Signalling integrators for homeostasis 
maintenance. Nat. Rev. Mol. Cell Biol. 14, 83–97. https://doi.org/10.1038/nrm3507 
Engler, J.B., Kursawe, N., Solano, M.E., Patas, K., Wehrmann, S., Heckmann, N., Lühder, 
F., Reichardt, H.M., Arck, P.C., Gold, S.M., Friese, M.A., 2017. Glucocorticoid 
receptor in T cells mediates protection from autoimmunity in pregnancy. Proc. Natl. 
Acad. Sci. U. S. A. 114, E181–E190. https://doi.org/10.1073/pnas.1617115114 
  
56 
Esensten, J.H., Helou, Y.A., Chopra, G., Weiss, A., Bluestone, J.A., 2016. CD28 
Costimulation: From Mechanism to Therapy. Immunity 44, 973–88. 
https://doi.org/10.1016/j.immuni.2016.04.020 
Fan, M.Y., Turka, L.A., 2018. Immunometabolism and PI(3)K Signaling As a Link between 
IL-2, Foxp3 Expression, and Suppressor Function in Regulatory T Cells. Front. 
Immunol. 9, 69. https://doi.org/10.3389/fimmu.2018.00069 
Feng, C., Woodside, K.J., Vance, B.A., El‐Khoury, D., Canelles, M., Lee, J., Gress, R., 
Fowlkes, B.J., Shores, E.W., Love, P.E., 2002. A potential role for CD69 in thymocyte 
emigration. Int. Immunol. 14, 535–544. https://doi.org/10.1093/intimm/dxf020 
Fink, P.J., 2013. The biology of recent thymic emigrants. Annu. Rev. Immunol. 31, 31–50. 
https://doi.org/10.1146/annurev-immunol-032712-100010 
Fischer, H.J., Sie, C., Schumann, E., Witte, A.-K., Dressel, R., van den Brandt, J., Reichardt, 
H.M., 2017. The Insulin Receptor Plays a Critical Role in T Cell Function and Adaptive 
Immunity. J. Immunol. 198, 1910–1920. https://doi.org/10.4049/jimmunol.1601011 
Foote, M.R., Nonnecke, B.J., Fowler, M.A., Miller, B.L., Beitz, D.C., Waters, W.R., 2005. 
Effects of Age and Nutrition on Expression of CD25, CD44, and L-Selectin (CD62L) 
on T-cells from Neonatal Calves. J. Dairy Sci. 88, 2718–2729. 
https://doi.org/10.3168/jds.S0022-0302(05)72951-9 
Franchina, D.G., Dostert, C., Brenner, D., 2018. Reactive oxygen species: involvement in T 
cell signaling and metabolism. Trends Immunol. 39, 489–502. 
https://doi.org/10.1016/j.it.2018.01.005 
Franklin, S.T., Young, J.W., Nonnecke, B.J., 1991. Effects of ketones, acetate, butyrate, and 
glucose on bovine lymphocyte proliferation. J. Dairy Sci. 74, 2507–14. 
https://doi.org/10.3168/jds.S0022-0302(91)78428-2 
Frauwirth, K.A., Riley, J.L., Harris, M.H., Parry, R. V, Rathmell, J.C., Plas, D.R., Elstrom, 
R.L., June, C.H., Thompson, C.B., 2002. The CD28 signaling pathway regulates 
glucose metabolism. Immunity 16, 769–77. https://doi.org/10.1016/S1074-
7613(02)00323-0  
Frie, M.C., Coussens, P.M., 2015. Bovine leukemia virus: A major silent threat to proper 
immune responses in cattle. Vet. Immunol. Immunopathol. 163, 103–114. 
https://doi.org/10.1016/j.vetimm.2014.11.014 
Frie, M.C., Sporer, K.R.B., Benitez, O.J., Wallace, J.C., Droscha, C.J., Bartlett, P.C., 
Coussens, P.M., 2017. Dairy Cows Naturally Infected with Bovine Leukemia Virus 
Exhibit Abnormal B- and T-Cell Phenotypes after Primary and Secondary Exposures to 
Keyhole Limpet Hemocyanin. Front. Vet. Sci. 4, 1–12. 
https://doi.org/10.3389/fvets.2017.00112 
57 
Friedman, J.R., Lackner, L.L., West, M., DiBenedetto, J.R., Nunnari, J., Voeltz, G.K., 2011. 
ER tubules mark sites of mitochondrial division. Science 334, 358–62. 
https://doi.org/10.1126/science.1207385 
Friesen, T.J., Ji, Q., Fink, P.J., 2016. Recent thymic emigrants are tolerized in the absence of 
inflammation. J. Exp. Med. 213, 913–920. https://doi.org/10.1084/jem.20151990 
Fujiki, R., Hashiba, W., Sekine, H., Yokoyama, A., Chikanishi, T., Ito, S., Imai, Y., Kim, J., 
He, H.H., Igarashi, K., Kanno, J., Ohtake, F., Kitagawa, H., Roeder, R.G., Brown, M., 
Kato, S., 2011. GlcNAcylation of histone H2B facilitates its monoubiquitination. Nature 
480, 557–60. https://doi.org/10.1038/nature10656 
Gagliani, N., Amezcua Vesely, M.C., Iseppon, A., Brockmann, L., Xu, H., Palm, N.W., de 
Zoete, M.R., Licona-Limón, P., Paiva, R.S., Ching, T., Weaver, C., Zi, X., Pan, X., Fan, 
R., Garmire, L.X., Cotton, M.J., Drier, Y., Bernstein, B., Geginat, J., Stockinger, B., 
Esplugues, E., Huber, S., Flavell, R.A., 2015. Th17 cells transdifferentiate into 
regulatory T cells during resolution of inflammation. Nature 523, 221–5. 
https://doi.org/10.1038/nature14452 
Ganeshan, K., Chawla, A., 2014. Metabolic Regulation of Immune Responses. Annu. Rev. 
Immunol. 32, 609–634. https://doi.org/10.1146/annurev-immunol-032713-120236 
Gasper, D.J., Tejera, M.M., Suresh, M., 2014. CD4 T-cell memory generation and 
maintenance. Crit. Rev. Immunol. 34, 121–46. 
https://doi.org/10.1615/critrevimmunol.2014010373 
Geltink, R.I.K., Kyle, R.L., Pearce, E.L., 2018. Unraveling the Complex Interplay Between T 
Cell Metabolism and Function. Annu. Rev. Immunol. 36, 461–488. 
https://doi.org/10.1146/annurev-immunol-042617-053019 
Ghosh, M.K., Muller, H.K., Walker, A.M., 2017. Lactation-Based Maternal Educational 
Immunity Crosses MHC Class I Barriers and Can Impart Th1 Immunity to Th2-Biased 
Recipients. J. Immunol. 199, 1729–1736. https://doi.org/10.4049/jimmunol.1601375 
Ghosh, M.K., Nguyen, V., Muller, H.K., Walker, A.M., 2016. Maternal Milk T Cells Drive 
Development of Transgenerational Th1 Immunity in Offspring Thymus. J. Immunol. 
197, 2290–2296. https://doi.org/10.4049/jimmunol.1502483 
Gleicher, N., Kushnir, V.A., Barad, D.H., 2017. Redirecting reproductive immunology 
research toward pregnancy as a period of temporary immune tolerance. J. Assist. 
Reprod. Genet. 34, 425–430. https://doi.org/10.1007/s10815-017-0874-x 
Gomes, L.C., Di Benedetto, G., Scorrano, L., 2011. During autophagy mitochondria 
elongate, are spared from degradation and sustain cell viability. Nat. Cell Biol. 13, 589–
98. https://doi.org/10.1038/ncb2220 
  
58 
Grinberg, N., Elazar, S., Rosenshine, I., Shpigel, N.Y., 2008. Beta-hydroxybutyrate abrogates 
formation of bovine neutrophil extracellular traps and bactericidal activity against 
mammary pathogenic Escherichia coli. Infect. Immun. 76, 2802–7. 
https://doi.org/10.1128/IAI.00051-08 
Guppy, M., Greiner, E., Brand, K., 1993. The role of the Crabtree effect and an endogenous 
fuel in the energy metabolism of resting and proliferating thymocytes. Eur. J. Biochem. 
212, 95–9. https://doi.org/10.1111/j.1432-1033.1993.tb17637.x 
Guzman, E., Hope, J., Taylor, G., Smith, A.L., Cubillos-Zapata, C., Charleston, B., 2014. 
Bovine γδ T cells are a major regulatory T cell subset. J. Immunol. 193, 208–22. 
https://doi.org/10.4049/jimmunol.1303398 
Guzman, E., Price, S., Poulsom, H., Hope, J., 2012. Bovine γδ T cells: cells with multiple 
functions and important roles in immunity. Vet. Immunol. Immunopathol. 148, 161–7. 
https://doi.org/10.1016/j.vetimm.2011.03.013 
Haas, R., Smith, J., Rocher-Ros, V., Nadkarni, S., Montero-Melendez, T., D’Acquisto, F., 
Bland, E.J., Bombardieri, M., Pitzalis, C., Perretti, M., Marelli-Berg, F.M., Mauro, C., 
2015. Lactate Regulates Metabolic and Pro-inflammatory Circuits in Control of T Cell 
Migration and Effector Functions. PLoS Biol. 13, e1002202. 
https://doi.org/10.1371/journal.pbio.1002202 
Haines, C.J., Giffon, T.D., Lu, L.-S., Lu, X., Tessier-Lavigne, M., Ross, D.T., Lewis, D.B., 
2009. Human CD4+ T cell recent thymic emigrants are identified by protein tyrosine 
kinase 7 and have reduced immune function. J. Exp. Med. 206, 275–85. 
https://doi.org/10.1084/jem.20080996 
Hanover, J.A., Krause, M.W., Love, D.C., 2012. Bittersweet memories: linking metabolism 
to epigenetics through O-GlcNAcylation. Nat. Rev. Mol. Cell Biol. 13, 312–321. 
https://doi.org/10.1038/nrm3334  
Hansen, P.J., 2013. Physiology and Endocrinology Symposium: maternal immunological 
adjustments to pregnancy and parturition in ruminants and possible implications for 
postpartum uterine health: is there a prepartum-postpartum nexus? J. Anim. Sci. 91, 
1639–49. https://doi.org/10.2527/jas.2012-5934 
Haynes, B.F., Markert, M.L., Sempowski, G.D., Patel, D.D., Hale, L.P., 2000. The role of the 
thymus in immune reconstitution in aging, bone marrow transplantation, and HIV-1 
infection. Annu. Rev. Immunol. 18, 529–60. 
https://doi.org/10.1146/annurev.immunol.18.1.529 
Hazenberg, M.D., Borghans, J.A.M., de Boer, R.J., Miedema, F., 2003. Thymic output: a bad 
TREC record. Nat. Immunol. 4, 97–9. https://doi.org/10.1038/ni0203-97 
  
59 
Helderman, J.H., Strom, T.B., 1978. Specific insulin binding site on T and B lymphocytes as 
a marker of cell activation. Nature 274, 62–63. https://doi.org/10.1038/274062a0 
Hendricks, D.W., Fink, P.J., 2011. Recent thymic emigrants are biased against the T-helper 
type 1 and toward the T-helper type 2 effector lineage. Blood 117, 1239–49. 
https://doi.org/10.1182/blood-2010-07-299263 
Hentze, M.W., Preiss, T., 2010. The REM phase of gene regulation. Trends Biochem. Sci. 
35, 423–6. https://doi.org/10.1016/j.tibs.2010.05.009 
Herr, M., Bostedt, H., Failing, K., 2011. IgG and IgM levels in dairy cows during the 
periparturient period. Theriogenology 75, 377–385. 
https://doi.org/10.1016/j.theriogenology.2010.09.009 
Hisazumi, R., Kayumi, M., Kikukawa, R., Nasu, T., Yasuda, M., 2015. Detection and 
quantification of bovine signal joint T-cell receptor excision circles. Vet. Immunol. 
Immunopathol. 167, 86–90. https://doi.org/10.1016/j.vetimm.2015.06.010 
Hisazumi, R., Kayumi, M., Zhang, W., Kikukawa, R., Nasu, T., Yasuda, M., 2016. 
Evaluation of bovine thymic function by measurement of signal joint T-cell receptor 
excision circles. Vet. Immunol. Immunopathol. 169, 74–8. 
https://doi.org/10.1016/j.vetimm.2015.12.009 
Hoek, A., Rutten, V.P.M.G., Kool, J., Arkesteijn, G.J.A., Bouwstra, R.J., Van Rhijn, I., 
Koets, A.P., 2009. Subpopulations of bovine WC1(+) gammadelta T cells rather than 
CD4(+)CD25(high) Foxp3(+) T cells act as immune regulatory cells ex vivo. Vet. Res. 
40, 6. https://doi.org/10.1051/vetres:2008044 
Houston, E.G., Nechanitzky, R., Fink, P.J., 2008. Cutting edge: Contact with secondary 
lymphoid organs drives postthymic T cell maturation. J. Immunol. 181, 5213–7. 
https://doi.org/10.4049/jimmunol.181.8.5213  
Huang, G.N., Huso, D.L., Bouyain, S., Tu, J., McCorkell, K.A., May, M.J., Zhu, Y., Lutz, 
M., Collins, S., Dehoff, M., Kang, S., Whartenby, K., Powell, J., Leahy, D., Worley, 
P.F., 2008. NFAT binding and regulation of T cell activation by the cytoplasmic 
scaffolding Homer proteins. Science 319, 476–81. 
https://doi.org/10.1126/science.1151227 
Huang, S.C.-C., Everts, B., Ivanova, Y., O’Sullivan, D., Nascimento, M., Smith, A.M., 
Beatty, W., Love-Gregory, L., Lam, W.Y., O’Neill, C.M., Yan, C., Du, H., Abumrad, 
N.A., Urban, J.F., Artyomov, M.N., Pearce, E.L., Pearce, E.J., 2014. Cell-intrinsic 
lysosomal lipolysis is essential for alternative activation of macrophages. Nat. Immunol. 
15, 846–55. https://doi.org/10.1038/ni.2956 
  
60 
Hugi, D., Bruckmaier, R.M., Blum, J.W., 1997. Insulin resistance, hyperglycemia, 
glucosuria, and galactosuria in intensively milk-fed calves: dependency on age and 
effects of high lactose intake. J. Anim. Sci. 75, 469–82. 
https://doi.org/10.2527/1997.752469x 
Imanishi, K., Seo, K., Kato, H., Miyoshi-Akiyama, T., Zhang, R.H., Takanashi, Y., Imai, Y., 
Uchiyama, T., 1998. Post-thymic maturation of migrating human thymic single-positive 
T cells: thymic CD1a- CD4+ T cells are more susceptible to anergy induction by toxic 
shock syndrome toxin-1 than cord blood CD4+ T cells. J. Immunol. 160, 112–9. 
Ingelsson, B., Söderberg, D., Strid, T., Söderberg, A., Bergh, A.-C., Loitto, V., Lotfi, K., 
Segelmark, M., Spyrou, G., Rosén, A., 2018. Lymphocytes eject interferogenic 
mitochondrial DNA webs in response to CpG and non-CpG oligodeoxynucleotides of 
class C. Proc. Natl. Acad. Sci. U. S. A. 115, E478–E487. 
https://doi.org/10.1073/pnas.1711950115 
Ingvartsen, K.L., Moyes, K., 2013. Nutrition, immune function and health of dairy cattle. 
Animal 7, 112–122. https://doi.org/10.1017/S175173111200170X 
Ingvartsen, K.L., Moyes, K.M., 2015. Factors contributing to immunosuppression in the 
dairy cow during the periparturient period. Jpn. J. Vet. Res. 63 Suppl 1, S15-24. 
https://doi.org/10.14943/jjvr.63.suppl.s15 
Ito, S., Shen, L., Dai, Q., Wu, S.C., Collins, L.B., Swenberg, J.A., He, C., Zhang, Y., 2011. 
Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. 
Science 333, 1300–3. https://doi.org/10.1126/science.1210597 
Jacobs, S.R., Herman, C.E., Maciver, N.J., Wofford, J.A., Wieman, H.L., Hammen, J.J., 
Rathmell, J.C., 2008. Glucose uptake is limiting in T cell activation and requires CD28-
mediated Akt-dependent and independent pathways. J. Immunol. 180, 4476–86. 
https://doi.org/10.4049/jimmunol.180.7.4476  
Jastroch, M., Divakaruni, A.S., Mookerjee, S., Treberg, J.R., Brand, M.D., 2010. 
Mitochondrial proton and electron leaks. Essays Biochem. 47, 53–67. 
https://doi.org/10.1042/bse0470053 
Jung, J., Zeng, H., Horng, T., 2019. Metabolism as a guiding force for immunity. Nat. Cell 
Biol. 21, 85–93. https://doi.org/10.1038/s41556-018-0217-x 
Kaadige, M.R., Looper, R.E., Kamalanaadhan, S., Ayer, D.E., 2009. Glutamine-dependent 
anapleurosis dictates glucose uptake and cell growth by regulating MondoA 
transcriptional activity. Proc. Natl. Acad. Sci. 106, 14878–14883. 
https://doi.org/10.1073/pnas.0901221106 
  
61 
Kabeya, H., Ohashi, K., Onuma, M., 2001. Host immune responses in the course of bovine 
leukemia virus infection. J. Vet. Med. Sci. 63, 703–8. 
https://doi.org/10.1292/jvms.63.703 
Kamiński, M.M., Sauer, S.W., Kamiński, M., Opp, S., Ruppert, T., Grigaravičius, P., 
Grudnik, P., Gröne, H.-J., Krammer, P.H., Gülow, K., 2012. T cell activation is driven 
by an ADP-dependent glucokinase linking enhanced glycolysis with mitochondrial 
reactive oxygen species generation. Cell Rep. 2, 1300–15. 
https://doi.org/10.1016/j.celrep.2012.10.009 
Kerner, J., Hoppel, C., 2000. Fatty acid import into mitochondria. Biochim. Biophys. Acta - 
Mol. Cell Biol. Lipids 1486, 1–17. https://doi.org/10.1016/S1388-1981(00)00044-5 
Kishore, M., Cheung, K.C.P., Fu, H., Bonacina, F., Wang, G., Coe, D., Ward, E.J., 
Colamatteo, A., Jangani, M., Baragetti, A., Matarese, G., Smith, D.M., Haas, R., Mauro, 
C., Wraith, D.C., Okkenhaug, K., Catapano, A.L., De Rosa, V., Norata, G.D., Marelli-
Berg, F.M., 2017. Regulatory T Cell Migration Is Dependent on Glucokinase-Mediated 
Glycolysis. Immunity. https://doi.org/10.1016/j.immuni.2017.10.017 
Klein Geltink, R.I., O’Sullivan, D., Corrado, M., Bremser, A., Buck, M.D., Buescher, J.M., 
Firat, E., Zhu, X., Niedermann, G., Caputa, G., Kelly, B., Warthorst, U., Rensing-Ehl, 
A., Kyle, R.L., Vandersarren, L., Curtis, J.D., Patterson, A.E., Lawless, S., Grzes, K., 
Qiu, J., Sanin, D.E., Kretz, O., Huber, T.B., Janssens, S., Lambrecht, B.N., Rambold, 
A.S., Pearce, E.J., Pearce, E.L., 2017. Mitochondrial Priming by CD28. Cell 171, 385-
397.e11. https://doi.org/10.1016/j.cell.2017.08.018 
Klose, R.J., Zhang, Y., 2007. Regulation of histone methylation by demethylimination and 
demethylation. Nat. Rev. Mol. Cell Biol. 8, 307–318. https://doi.org/10.1038/nrm2143 
Knegsel, A., 2014. Metabolic adaptation during early lactation: key to cow health, longevity 
and a sustainable dairy production chain. CAB Rev. Perspect. Agric. Vet. Sci. Nutr. Nat. 
Resour. 9. https://doi.org/10.1079/PAVSNNR20149002  
Kohchi, C., Inagawa, H., Nishizawa, T., Soma, G.-I., 2009. ROS and innate immunity. 
Anticancer Res. 29, 817–21. 
Kohler, S., Thiel, A., 2009. Life after the thymus: CD31+ and CD31- human naive CD4+ T-
cell subsets. Blood 113, 769–74. https://doi.org/10.1182/blood-2008-02-139154 
Kondo, S., Kubota, S., Mukudai, Y., Nishida, T., Yoshihama, Y., Shirota, T., Shintani, S., 
Takigawa, M., 2011. Binding of glyceraldehyde-3-phosphate dehydrogenase to the cis-
acting element of structure-anchored repression in ccn2 mRNA. Biochem. Biophys. 
Res. Commun. 405, 382–387. https://doi.org/10.1016/j.bbrc.2011.01.034 
  
62 
Kong, F., Chen, C.H., Cooper, M.D., 1998. Thymic function can be accurately monitored by 
the level of recent T cell emigrants in the circulation. Immunity 8, 97–104. 
https://doi.org/10.1016/S1074-7613(00)80462-8 
Krangel, M.S., 2009. Mechanics of T cell receptor gene rearrangement. Curr. Opin. 
Immunol. 21, 133–139. https://doi.org/10.1016/j.coi.2009.03.009 
Lacetera, N., Scalia, D., Bernabucci, U., Ronchi, B., Pirazzi, D., Nardone, A., 2010. 
Lymphocyte Functions in Overconditioned Cows Around Parturition. J. Dairy Sci. 88, 
2010–2016. https://doi.org/10.3168/jds.s0022-0302(05)72877-0 
Lacetera, N., Scalia, D., Franci, O., Bernabucci, U., Ronchi, B., Nardone, A., 2004. Short 
communication: effects of nonesterified fatty acids on lymphocyte function in dairy 
heifers. J. Dairy Sci. 87, 1012–4. https://doi.org/10.3168/jds.S0022-0302(04)73246-4 
Lambert, A.J., Brand, M.D., 2004. Superoxide production by NADH:ubiquinone 
oxidoreductase (complex I) depends on the pH gradient across the mitochondrial inner 
membrane. Biochem. J. 382, 511–7. https://doi.org/10.1042/BJ20040485 
Lee, J.Y., Zhao, L., Youn, H.S., Weatherill, A.R., Tapping, R., Feng, L., Lee, W.H., 
Fitzgerald, K.A., Hwang, D.H., 2004. Saturated fatty acid activates but polyunsaturated 
fatty acid inhibits Toll-like receptor 2 dimerized with Toll-like receptor 6 or 1. J. Biol. 
Chem. 279, 16971–9. https://doi.org/10.1074/jbc.M312990200 
Lee, M.N., Ha, S.H., Kim, J., Koh, A., Lee, C.S., Kim, J.H., Jeon, H., Kim, D.-H., Suh, P.-
G., Ryu, S.H., 2009. Glycolytic flux signals to mTOR through glyceraldehyde-3-
phosphate dehydrogenase-mediated regulation of Rheb. Mol. Cell. Biol. 29, 3991–4001. 
https://doi.org/10.1128/MCB.00165-09 
Lee, Y.K., Mukasa, R., Hatton, R.D., Weaver, C.T., 2009a. Developmental plasticity of Th17 
and Treg cells. Curr. Opin. Immunol. 21, 274–280.  
Lee, Y.K., Mukasa, R., Hatton, R.D., Weaver, C.T., 2009b. Developmental plasticity of Th17 
and Treg cells. Curr. Opin. Immunol. 21, 274–80. 
https://doi.org/10.1016/j.coi.2009.05.021 
Lenzen, S., 2014. A fresh view of glycolysis and glucokinase regulation: history and current 
status. J. Biol. Chem. 289, 12189–94. https://doi.org/10.1074/jbc.R114.557314 
Liesa, M., Shirihai, O.S., 2016. Mitochondrial Networking in T Cell Memory. Cell 166, 9–
10. https://doi.org/10.1016/j.cell.2016.06.035 
Livak, F., Schatz, D.G., 1996. T-cell receptor alpha locus V(D)J recombination by-products 
are abundant in thymocytes and mature T cells. Mol. Cell. Biol. 16, 609–18. 
https://doi.org/10.1128/MCB.16.2.609 
63 
Loftus, R.M., Finlay, D.K., 2016. Immunometabolism: Cellular Metabolism Turns Immune 
Regulator. J. Biol. Chem. 291, 1–10. https://doi.org/10.1074/jbc.R115.693903 
Lu, C., Thompson, C.B., 2012. Metabolic Regulation of Epigenetics. Cell Metab. 16, 9–17. 
https://doi.org/10.1016/j.cmet.2012.06.001 
Luo, Y., Xu, W., Li, G., Cui, W., 2018. Weighing In on mTOR Complex 2 Signaling: The 
Expanding Role in Cell Metabolism. Oxid. Med. Cell. Longev. 2018, 7838647. 
https://doi.org/10.1155/2018/7838647 
Lyford, Jr., S.J., Huber, J.T., 1988. Digestion, metabolism, and nutritient needs in 
preruminants, in: Church, D.C. (Ed.), The Ruminant Animal: Digestive Physiology and 
Nutrition. Prentice-Hall, 1988, Long Grove, IL, pp. 401–420. 
Ma, E.H., Bantug, G., Griss, T., Condotta, S., Johnson, R.M., Samborska, B., Mainolfi, N., 
Suri, V., Guak, H., Balmer, M.L., Verway, M.J., Raissi, T.C., Tsui, H., Boukhaled, G., 
Henriques da Costa, S., Frezza, C., Krawczyk, C.M., Friedman, A., Manfredi, M., 
Richer, M.J., Hess, C., Jones, R.G., 2017. Serine Is an Essential Metabolite for Effector 
T Cell Expansion. Cell Metab. 25, 345–357. https://doi.org/10.1016/j.cmet.2016.12.011 
Macintyre, A.N., Gerriets, V.A., Nichols, A.G., Michalek, R.D., Rudolph, M.C., Deoliveira, 
D., Anderson, S.M., Abel, E.D., Chen, B.J., Hale, L.P., Rathmell, J.C., 2014. The 
glucose transporter Glut1 is selectively essential for CD4 T cell activation and effector 
function. Cell Metab. 20, 61–72. https://doi.org/10.1016/j.cmet.2014.05.004 
MacIver, N.J., Jacobs, S.R., Wieman, H.L., Wofford, J.A., Coloff, J.L., Rathmell, J.C., 2008. 
Glucose metabolism in lymphocytes is a regulated process with significant effects on 
immune cell function and survival. J. Leukoc. Biol. 84, 949–57. 
https://doi.org/10.1189/jlb.0108024 
MacIver, N.J., Michalek, R.D., Rathmell, J.C., 2013. Metabolic regulation of T lymphocytes. 
Annu. Rev. Immunol. 31, 259–83. https://doi.org/10.1146/annurev-immunol-032712-
095956 
Makaroff, L.E., Hendricks, D.W., Niec, R.E., Fink, P.J., 2009. Postthymic maturation 
influences the CD8 T cell response to antigen. Proc. Natl. Acad. Sci. U. S. A. 106, 
4799–804. https://doi.org/10.1073/pnas.0812354106 
Maratou, E., Dimitriadis, G., Kollias, A., Boutati, E., Lambadiari, V., Mitrou, P., Raptis, 
S.A., 2007. Glucose transporter expression on the plasma membrane of resting and 
activated white blood cells. Eur. J. Clin. Invest. 37, 282–90. 
https://doi.org/10.1111/j.1365-2362.2007.01786.x 
Meganck, V., Opsomer, G., Piepers, S., Cox, E., Goddeeris, B.M., 2016. Maternal colostral 
leukocytes appear to enhance cell-mediated recall response, but inhibit humoral recall 
response in prime-boost vaccinated calves. J. Reprod. Immunol. 113, 68–75. 
https://doi.org/10.1016/j.jri.2015.11.004 
64 
Menk, A. V., Scharping, N.E., Moreci, R.S., Zeng, X., Guy, C., Salvatore, S., Bae, H., Xie, 
J., Young, H.A., Wendell, S.G., Delgoffe, G.M., 2018. Early TCR Signaling Induces 
Rapid Aerobic Glycolysis Enabling Distinct Acute T Cell Effector Functions. Cell Rep. 
22, 1509–1521. https://doi.org/10.1016/j.celrep.2018.01.040 
Michalek, R.D., Gerriets, V.A., Jacobs, S.R., Macintyre, A.N., MacIver, N.J., Mason, E.F., 
Sullivan, S.A., Nichols, A.G., Rathmell, J.C., 2011. Cutting Edge: Distinct Glycolytic 
and Lipid Oxidation Metabolic Programs are Essential for Effector and Regulatory 
CD4+ Tcell Subsets. J. Immunol. 186, 3299–3303. 
https://doi.org/10.4049/jimmunol.1003613 
Mills, E.L., Kelly, B., O’Neill, L.A.J., 2017. Mitochondria are the powerhouses of immunity. 
Nat. Immunol. 18, 488–498. https://doi.org/10.1038/ni.3704 
Mitra, K., Wunder, C., Roysam, B., Lin, G., Lippincott-Schwartz, J., 2009. A hyperfused 
mitochondrial state achieved at G1-S regulates cyclin E buildup and entry into S phase. 
Proc. Natl. Acad. Sci. 106, 11960–11965. https://doi.org/10.1073/pnas.0904875106 
Moosavi, M., Mirzaei, A., Ghavami, M., Tamadon, A., 2014. Relationship between season, 
lactation number and incidence of clinical mastitis in different stages of lactation in a 
Holstein dairy farm. Vet. Res. forum an Int. Q. J. 5, 13–9. 
Mor, G., Cardenas, I., 2010. The immune system in pregnancy: a unique complexity. Am. J. 
Reprod. Immunol. 63, 425–33. https://doi.org/10.1111/j.1600-0897.2010.00836.x 
Mor, G., Cardenas, I., Abrahams, V., Guller, S., 2011. Inflammation and pregnancy: the role 
of the immune system at the implantation site. Ann. N. Y. Acad. Sci. 1221, 80–7. 
https://doi.org/10.1111/j.1749-6632.2010.05938.x 
Morein, B., Abusugra, I., Blomqvist, G., 2002. Immunity in neonates. Vet. Immunol. 
Immunopathol. 87, 207–13. https://doi.org/Immunity in neonates. 
Morgan, M.J., Liu, Z.-G., 2010. Crosstalk of reactive oxygen species and NF-κB signaling 
NF-κB. Nat. Publ. Gr. 21, 103–115. https://doi.org/10.1038/cr.2010.178 
Muller, F.L., Liu, Y., Van Remmen, H., 2004. Complex III releases superoxide to both sides 
of the inner mitochondrial membrane. J. Biol. Chem. 279, 49064–73. 
https://doi.org/10.1074/jbc.M407715200 
Müller, N., van den Brandt, J., Odoardi, F., Tischner, D., Herath, J., Flügel, A., Reichardt, 
H.M., 2008. A CD28 superagonistic antibody elicits 2 functionally distinct waves of T 
cell activation in rats. J. Clin. Invest. 118, 1405–1416. https://doi.org/10.1172/JCI32698 
Murphy, M.P., 2009. How mitochondria produce reactive oxygen species. Biochem. J. 417, 
1–13. https://doi.org/10.1042/BJ20081386 
65 
Murphy, M.P., Siegel, R.M., 2013. Mitochondrial ROS fire up T cell activation. Immunity 
38, 201-202. https://doi.org/10.1016/j.immuni.2013.02.005 
Nagy, E., Rigby, W.F.C., 1995. Glyceraldehyde-3-phosphate Dehydrogenase Selectively 
Binds AU-rich RNA in the NAD + -binding Region (Rossmann Fold). J. Biol. Chem. 
270, 2755–2763. https://doi.org/10.1074/jbc.270.6.2755 
Nakahira, K., Haspel, J.A., Rathinam, V.A.K., Lee, S.-J., Dolinay, T., Lam, H.C., Englert, 
J.A., Rabinovitch, M., Cernadas, M., Kim, H.P., Fitzgerald, K.A., Ryter, S.W., Choi, 
A.M.K., 2011. Autophagy proteins regulate innate immune responses by inhibiting the 
release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat. Immunol. 
12, 222–30. https://doi.org/10.1038/ni.1980 
Nathan, C., Cunningham-Bussel, A., 2013. Beyond oxidative stress: an immunologist’s guide 
to reactive oxygen species. Nat. Rev. Immunol. 13, 349–61. 
https://doi.org/10.1038/nri3423 
Newton, R., Priyadharshini, B., Turka, L.A., 2016. Immunometabolism of regulatory T cells. 
Nat. Immunol. 17, 618–625. https://doi.org/10.1038/ni.3466 
Nonnecke, B.J., Waters, W.R., Foote, M.R., Palmer, M.V., Miller, B.L., Johnson, T.E., 
Perry, H.B., Fowler, M.A., 2010. Development of an Adult-Like Cell-Mediated Immune 
Response in Calves After Early Vaccination with Mycobacterium bovis bacillus 
Calmette-Guérin. J. Dairy Sci. 88, 195–210. https://doi.org/10.3168/jds.s0022-
0302(05)72678-3 
Novo, S.M.F., Costa, J.F. dos R., Baccili, C.C., Sobreira, N.M., Silva, B.T., de Oliveira, P.L., 
Hurley, D.J., Gomes, V., 2017. Effect of maternal cells transferred with colostrum on 
the health of neonate calves. Res. Vet. Sci. 112, 97–104. 
https://doi.org/10.1016/j.rvsc.2017.01.025 
O’Neill, L.A.J., Kishton, R.J., Rathmell, J., 2016. A guide to immunometabolism for 
immunologists. Nat. Rev. Immunol. https://doi.org/10.1038/nri.2016.70 
O’Sullivan, D., van der Windt, G.J.W., Huang, S.C.-C., Curtis, J.D., Chang, C.-H., Buck, 
M.D., Qiu, J., Smith, A.M., Lam, W.Y., DiPlato, L.M., Hsu, F.-F., Birnbaum, M.J., 
Pearce, E.J., Pearce, E.L., 2014. Memory CD8+ T Cells Use Cell-Intrinsic Lipolysis to 
Support the Metabolic Programming Necessary for Development. Immunity 41, 75–88. 
https://doi.org/10.1016/j.immuni.2014.06.005 
Odumade, O.A., Weinreich, M.A., Jameson, S.C., Hogquist, K.A., 2010. Kruppel-Like 
Factor 2 Regulates Trafficking and Homeostasis of T Cells. J. Immunol. 184, 6060–
6066. https://doi.org/10.4049/jimmunol.1000511 
  
66 
Ohtsuka, H., Fukuda, S., Kudo, K., Tomioka, M., Koiwa, M., Kimura, K., 2013. Changes in 
leukocyte populations of cows with milk fever or displaced abomasum after calving. 
Can. J. Vet. Res. 77, 226–230. 
Olenchock, B.A., Rathmell, J.C., Vander Heiden, M.G., 2017. Biochemical Underpinnings of 
Immune Cell Metabolic Phenotypes. Immunity 46, 703–713. 
https://doi.org/10.1016/j.immuni.2017.04.013 
Oliveira, L.J., Barreto, R.S.N., Perecin, F., Mansouri-Attia, N., Pereira, F.T.V., Meirelles, F. 
V., 2012. Modulation of maternal immune system during pregnancy in the cow. Reprod. 
Domest. Anim. 47, 384–393. https://doi.org/10.1111/j.1439-0531.2012.02102.x 
Orlik, O., Splitter, G.A., 1996. Progression to persistent lymphocytosis and tumor 
development in bovine leukemia virus (BLV)-infected cattle correlates with impaired 
proliferation of CD4+ T cells in response to gag- and env-encoded BLV proteins. J 
Virol 70, 7584–7593. 
Owen, O.E., Kalhan, S.C., Hanson, R.W., 2002. The Key Role of Anaplerosis and 
Cataplerosis for Citric Acid Cycle Function. J. Biol. Chem. 277, 30409–30412. 
https://doi.org/10.1074/jbc.R200006200 
Paiva, R.S., Lino, A.C., Bergman, M.-L., Caramalho, I., Sousa, A.E., Zelenay, S., 
Demengeot, J., 2013. Recent thymic emigrants are the preferential precursors of 
regulatory T cells differentiated in the periphery. Proc. Natl. Acad. Sci. U. S. A. 110, 
6494–9. https://doi.org/10.1073/pnas.1221955110 
Palmer, C.S., Ostrowski, M., Balderson, B., Christian, N., Crowe, S.M., 2015. Glucose 
metabolism regulates T cell activation, differentiation, and functions. Front. Immunol. 6, 
1. https://doi.org/10.3389/fimmu.2015.00001 
Papa, S., Skulachev, V.P., 1997. Reactive oxygen species, mitochondria, apoptosis and 
aging. Mol. Cell. Biochem. 174, 305–19. 
https://doi.org/10.1016/j.freeradbiomed.2004.10.016 
Park, B. V., Pan, F., 2015. Metabolic regulation of T cell differentiation and function. Mol. 
Immunol. 68, 497–506. https://doi.org/10.1016/j.molimm.2015.07.027 
Paul, W.E., Zhu, J., 2010. How are TH2-type immune responses initiated and amplified? Nat. 
Rev. Immunol. 10, 225–235. https://doi.org/10.1038/nri2735 
Pearce, E.L., Poffenberger, M.C., Chang, C.-H., Jones, R.G., 2013. Fueling immunity: 
insights into metabolism and lymphocyte function. Science 342, 1242454. 
https://doi.org/10.1126/science.1242454 
  
67 
Peng, M., Yin, N., Chhangawala, S., Xu, K., Leslie, C.S., Li, M.O., 2016. Aerobic glycolysis 
promotes T helper 1 cell differentiation through an epigenetic mechanism. Science 354, 
481–484. https://doi.org/10.1126/science.aaf6284 
Père, M.-C., 2003. Materno-foetal exchanges and utilisation of nutrients by the foetus: 
comparison between species. Reprod. Nutr. Dev. 43, 1–15. 
https://doi.org/10.1051/rnd:2003002 
Pollizzi, K.N., Powell, J.D., 2015. Regulation of T cells by mTOR: the known knowns and 
the known unknowns. Trends Immunol. 36, 13–20. 
https://doi.org/10.1016/j.it.2014.11.005 
Powell, J.D., Pollizzi, K.N., Heikamp, E.B., Horton, M.R., 2012. Regulation of immune 
responses by mTOR. Annu. Rev. Immunol. 30, 39–68. https://doi.org/10.1146/annurev-
immunol-020711-075024 
Puleston, D.J., Villa, M., Pearce, E.L., 2017. Ancillary Activity: Beyond Core Metabolism in 
Immune Cells. Cell Metab. 26, 131–141. https://doi.org/10.1016/j.cmet.2017.06.019 
Quigley, J.D., Drewry, J.J., 1998. Nutrient and immunity transfer from cow to calf pre- and 
postcalving. J. Dairy Sci. 81, 2779–90. https://doi.org/10.3168/jds.S0022-
0302(98)75836-9 
Quintana, A., Hoth, M., 2012. Mitochondrial dynamics and their impact on T cell function. 
Cell Calcium 52, 57–63. https://doi.org/10.1016/j.ceca.2012.02.005 
Quintana, A., Schwindling, C., Wenning, A.S., Becherer, U., Rettig, J., Schwarz, E.C., Hoth, 
M., 2007. T cell activation requires mitochondrial translocation to the immunological 
synapse. Proc. Natl. Acad. Sci. U. S. A. 104, 14418–23. 
https://doi.org/10.1073/pnas.0703126104 
Quiros, P.M., Goyal, A., Jha, P., Auwerx, J., 2017. Analysis of mtDNA/nDNA Ratio in 
Mice. Curr. Protoc. Mouse Biol. 7, 47–54. https://doi.org/10.1002/cpmo.21 
Raboisson, D., Trillat, P., Cahuzac, C., 2016. Failure of Passive Immune Transfer in Calves: 
A Meta-Analysis on the Consequences and Assessment of the Economic Impact. PLoS 
One 11, e0150452. https://doi.org/10.1371/journal.pone.0150452Raffaello, A., 
Mammucari, C., Gherardi, G., Rizzuto, R., 2016. Calcium at the Center of Cell 
Signaling: Interplay between Endoplasmic Reticulum, Mitochondria, and Lysosomes. 
Trends Biochem. Sci. 41, 1035–1049. https://doi.org/10.1016/j.tibs.2016.09.001 
Rambold, A.S., Cohen, S., Lippincott-Schwartz, J., 2015. Fatty acid trafficking in starved 
cells: Regulation by lipid droplet lipolysis, autophagy, and mitochondrial fusion 
dynamics. Dev. Cell 32, 678–692. https://doi.org/10.1016/j.devcel.2015.01.029 
  
68 
Rambold, A.S., Pearce, E.L., 2018. Mitochondrial Dynamics at the Interface of Immune Cell 
Metabolism and Function. Trends Immunol. 39, 6–18. 
https://doi.org/10.1016/j.it.2017.08.006 
Raphael, I., Nalawade, S., Eagar, T.N., Forsthuber, T.G., 2015. T cell subsets and their 
signature cytokines in autoimmune and inflammatory diseases. Cytokine 74, 5–17. 
https://doi.org/10.1016/j.cyto.2014.09.011 
Reber, A.J., Hippen, A.R., Hurley, D.J., 2005. Effects of the ingestion of whole colostrum or 
cell-free colostrum on the capacity of leukocytes in newborn calves to stimulate or 
respond in one-way mixed leukocyte cultures. Am. J. Vet. Res. 66, 1854–1860. 
https://doi.org/10.2460/ajvr.2005.66.1854 
Ricciardi, S., Manfrini, N., Alfieri, R., Calamita, P., Crosti, M.C., Gallo, S., Müller, R., 
Pagani, M., Abrignani, S., Biffo, S., 2018. The Translational Machinery of Human 
CD4+ T Cells Is Poised for Activation and Controls the Switch from Quiescence to 
Metabolic Remodeling. Cell Metab. 28, 895-906.e5. 
https://doi.org/10.1016/j.cmet.2018.08.009 
Richter, V., Singh, A.P., Kvansakul, M., Ryan, M.T., Osellame, L.D., 2015. Splitting up the 
powerhouse: Structural insights into the mechanism of mitochondrial fission. Cell. Mol. 
Life Sci. 72, 3695–3707. https://doi.org/10.1007/s00018-015-1950-y 
Ricoult, S.J.H., Manning, B.D., 2012. The multifaceted role of mTORC1 in the control of 
lipid metabolism. EMBO Rep. 14, 242–251. https://doi.org/10.1038/embor.2013.5 
Rizzuto, R., De Stefani, D., Raffaello, A., Mammucari, C., 2012. Mitochondria as sensors 
and regulators of calcium signalling. Nat. Rev. Mol. Cell Biol. 13, 566–578. 
https://doi.org/10.1038/nrm3412 
Robinson, D.P., Klein, S.L., 2012. Pregnancy and pregnancy-associated hormones alter 
immune responses and disease pathogenesis. Horm. Behav. 62, 263–71. 
https://doi.org/10.1016/j.yhbeh.2012.02.023 
Rothenberg, E. V., Moore, J.E., Yui, M.A., 2008. Launching the T-cell-lineage 
developmental programme. Nat. Rev. Immunol. 8, 9–21. 
https://doi.org/10.1038/nri2232 
Ruoff, J., Borchardt, S., Heuwieser, W., 2017. Short communication: Associations between 
blood glucose concentration, onset of hyperketonemia, and milk production in early 
lactation dairy cows. J. Dairy Sci. 100, 5462–5467. https://doi.org/10.3168/jds.2016-
12237 
  
69 
Scalia, D., Lacetera, N., Bernabucci, U., Demeyere, K., Duchateau, L., Burvenich, C., 2006. 
In Vitro Effects of Nonesterified Fatty Acids on Bovine Neutrophils Oxidative Burst 
and Viability. J. Dairy Sci. 89, 147–154. https://doi.org/10.3168/jds.S0022-
0302(06)72078-1 
Schmiedeberg, K., Krause, H., Röhl, F.-W., Hartig, R., Jorch, G., Brunner-Weinzierl, M.C., 
2016. T Cells of Infants Are Mature, but Hyporeactive Due to Limited Ca2+ Influx. 
PLoS One 11, e0166633. https://doi.org/10.1371/journal.pone.0166633 
Schwarm, A., Viergutz, T., Kuhla, B., Hammon, H.M., Schweigel-Röntgen, M., 2013. Fuel 
feeds function: Energy balance and bovine peripheral blood mononuclear cell 
activation. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 164, 101–10. 
https://doi.org/10.1016/j.cbpa.2012.10.009 
Seki, S.M., Gaultier, A., 2017. Exploring Non-Metabolic Functions of Glycolytic Enzymes 
in Immunity. Front. Immunol. 8, 1549. https://doi.org/10.3389/fimmu.2017.01549 
Sena, L.A., Li, S., Jairaman, A., Prakriya, M., Ezponda, T., Hildeman, D.A., Wang, C.-R., 
Schumacker, P.T., Licht, J.D., Perlman, H., Bryce, P.J., Chandel, N.S., 2013. 
Mitochondria Are Required for Antigen-Specific T Cell Activation through Reactive 
Oxygen Species Signaling. Immunity 38, 225–236. 
https://doi.org/10.1016/j.immuni.2012.10.020 
Shah, N.M., Herasimtschuk, A.A., Boasso, A., Benlahrech, A., Fuchs, D., Imami, N., 
Johnson, M.R., 2017. Changes in T cell and dendritic cell phenotype from mid to late 
pregnancy are indicative of a shift from immune tolerance to immune activation. Front. 
Immunol. 8, 1–14. https://doi.org/10.3389/fimmu.2017.01138 
Shi, L.Z., Wang, R., Huang, G., Vogel, P., Neale, G., Green, D.R., Chi, H., 2011. HIF1alpha-
dependent glycolytic pathway orchestrates a metabolic checkpoint for the differentiation 
of TH17 and Treg cells. J. Exp. Med. 208, 1367–76. 
https://doi.org/10.1084/jem.20110278 
Shiow, L.R., Rosen, D.B., Brdicková, N., Xu, Y., An, J., Lanier, L.L., Cyster, J.G., 
Matloubian, M., 2006. CD69 acts downstream of interferon-alpha/beta to inhibit S1P1 
and lymphocyte egress from lymphoid organs. Nature 440, 540–4. 
https://doi.org/10.1038/nature04606 
Shuster, D.E., Lee, E.K., Kehrli, M.E., 1996. Bacterial growth, inflammatory cytokine 
production, and neutrophil recruitment during coliform mastitis in cows within ten days 
after calving, compared with cows at midlactation. Am. J. Vet. Res. 57, 1569–75. 
Silva, S.L., Sousa, A.E., 2016. Establishment and Maintenance of the Human Naïve CD4+ 
T-Cell Compartment. Front. Pediatr. 4, 1–10. https://doi.org/10.3389/fped.2016.00119 
  
70 
Sinclair, L. V., Rolf, J., Emslie, E., Shi, Y.B., Taylor, P.M., Cantrell, D.A., 2013. Control of 
amino-acid transport by antigen receptors coordinates the metabolic reprogramming 
essential for T cell differentiation. Nat. Immunol. 14, 500–508. 
https://doi.org/10.1038/ni.2556 
Singh, R., Green, M.R., 1993. Sequence-specific binding of transfer RNA by 
glyceraldehyde-3-phosphate dehydrogenase. Science 259, 365–8. 
https://doi.org/10.1126/science.8420004 
Smith-Garvin, J.E., Koretzky, G.A., Jordan, M.S., 2009. T cell activation. Annu. Rev. 
Immunol. 27, 591–619. https://doi.org/10.1146/annurev.immunol.021908.132706 
Sordillo, L.M., Hicks, C.R., Pighetti, G.M., 1994. Altered interleukin-2 production by 
lymphocyte populations from bovine leukemia virus-infected cattle. Proc. Soc. Exp. 
Biol. Med. 207, 268–73. 
Spits, H., 2002. Development of alphabeta T cells in the human thymus. Nat. Rev. Immunol. 
2, 760–72. https://doi.org/10.1038/nri913 
Starr, T.K., Jameson, S.C., Hogquist, K.A., 2003. Positive and negative selection of T cells. 
Annu. Rev. Immunol. 21, 139–76. 
https://doi.org/10.1146/annurev.immunol.21.120601.141107 
Sun, L., Fu, J., Zhou, Y., 2017. Metabolism Controls the Balance of Th17/T-Regulatory 
Cells. Front. Immunol. 8, 1632. https://doi.org/10.3389/fimmu.2017.01632 
Suzuki, S., Konnai, S., Okagawa, T., Ikebuchi, R., Nishimori, A., Kohara, J., Mingala, C.N., 
Murata, S., Ohashi, K., 2015. Increased expression of the regulatory T cell-associated 
marker CTLA-4 in bovine leukemia virus infection. Vet. Immunol. Immunopathol. 163, 
115–124. https://doi.org/10.1016/j.vetimm.2014.10.006 
Tan, H., Yang, K., Li, Y., Shaw, T.I., Wang, Y., Blanco, D.B., Wang, X., Cho, J.-H., Wang, 
H., Rankin, S., Guy, C., Peng, J., Chi, H., 2017. Integrative Proteomics and 
Phosphoproteomics Profiling Reveals Dynamic Signaling Networks and Bioenergetics 
Pathways Underlying T Cell Activation. Immunity 46, 488–503. 
https://doi.org/10.1016/j.immuni.2017.02.010 
Tan, Z., Xie, N., Cui, H., Moellering, D.R., Abraham, E., Thannickal, V.J., Liu, G., 2015. 
Pyruvate Dehydrogenase Kinase 1 Participates in Macrophage Polarization via 
Regulating Glucose Metabolism. J. Immunol. 194, 6082–6089. 
https://doi.org/10.4049/jimmunol.1402469Tanaskovic, S., Fernandez, S., Price, P., Lee, 
S., French, M.A., 2010. CD31 (PECAM-1) is a marker of recent thymic emigrants 
among CD4+ T-cells, but not CD8+ T-cells or gammadelta T-cells, in HIV patients 
responding to ART. Immunol. Cell Biol. 88, 321–7. 
https://doi.org/10.1038/icb.2009.108 
71 
Taylor, B.C., Dellinger, J.D., Cullor, J.S., Stott, J.L., 1994. Bovine milk lymphocytes display 
the phenotype of memory T cells and are predominantly CD8+. Cell. Immunol. 156, 
245–53. https://doi.org/10.1006/cimm.1994.1169 
Tibbetts, T.A., DeMayo, F., Rich, S., Conneely, O.M., O’Malley, B.W., 2002. Progesterone 
receptors in the thymus are required for thymic involution during pregnancy and for 
normal fertility. Proc. Natl. Acad. Sci. 96, 12021–12026. 
https://doi.org/10.1073/pnas.96.21.12021 
Trebak, M., Kinet, J.P., 2019. Calcium signalling in T cells. Nat. Rev. Immunol. 19, 154–
169. https://doi.org/10.1038/s41577-018-0110-7 
Tristan, C., Shahani, N., Sedlak, T.W., Sawa, A., 2011. The diverse functions of GAPDH: 
Views from different subcellular compartments. Cell. Signal. 23, 317–323. 
https://doi.org/10.1016/j.cellsig.2010.08.003 
Tsai, S., Clemente-Casares, X., Zhou, A.C., Lei, H., Ahn, J.J., Chan, Y.T., Choi, O., Luck, 
H., Woo, M., Dunn, S.E., Engleman, E.G., Watts, T.H., Winer, S., Winer, D.A., 2018. 
Insulin Receptor-Mediated Stimulation Boosts T Cell Immunity during Inflammation 
and Infection. Cell Metab. 28, 922-934.e4. https://doi.org/10.1016/j.cmet.2018.08.003 
Tsukada, Y.-I., Fang, J., Erdjument-Bromage, H., Warren, M.E., Borchers, C.H., Tempst, P., 
Zhang, Y., 2006. Histone demethylation by a family of JmjC domain-containing 
proteins. Nature 439, 811–6. https://doi.org/10.1038/nature04433 
Unger, R.H., Clark, G.O., Scherer, P.E., Orci, L., 2010. Lipid homeostasis, lipotoxicity and 
the metabolic syndrome. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1801, 209–
214. https://doi.org/10.1016/j.bbalip.2009.10.006 
van der Windt, G.J.W., Everts, B., Chang, C.-H., Curtis, J.D., Freitas, T.C., Amiel, E., 
Pearce, E.J., Pearce, E.L., 2012. Mitochondrial Respiratory Capacity Is a Critical 
Regulator of CD8+ T Cell Memory Development. Immunity 36, 68–78. 
https://doi.org/10.1016/j.immuni.2011.12.007van der Windt, G.J.W., Pearce, E.L., 2012. 
Metabolic switching and fuel choice during T-cell differentiation and memory 
development. Immunol. Rev. 249, 27–42. https://doi.org/10.1111/j.1600-
065X.2012.01150.x 
van Knegsel, A.T.M., van den Brand, H., Graat, E.A.M., Dijkstra, J., Jorritsma, R., 
Decuypere, E., Tamminga, S., Kemp, B., 2007. Dietary Energy Source in Dairy Cows in 
Early Lactation: Metabolites and Metabolic Hormones. J. Dairy Sci. 90, 1477–1485. 
https://doi.org/10.3168/jds.s0022-0302(07)71633-8 
Van Laethem, F., Liang, X., Andris, F., Urbain, J., Vandenbranden, M., Ruysschaert, J.-M., 
Resh, M.D., Stulnig, T.M., Leo, O., 2003. Glucocorticoids alter the lipid and protein 
composition of membrane rafts of a murine T cell hybridoma. J. Immunol. 170, 2932–9. 
https://doi.org/10.4049/jimmunol.170.6.2932 
72 
Vander Heiden, M.G., Cantley, L.C., Thompson, C.B., 2009. Understanding the Warburg 
effect: the metabolic requirements of cell proliferation. Science 324, 1029–33. 
https://doi.org/10.1126/science.1160809 
Verbist, K.C., Guy, C.S., Milasta, S., Liedmann, S., Kamiński, M.M., Wang, R., Green, D.R., 
2016. Metabolic maintenance of cell asymmetry following division in activated T 
lymphocytes. Nature 532, 389–93. https://doi.org/10.1038/nature17442 
Verschuren, M.C., Wolvers-Tettero, I.L., Breit, T.M., Noordzij, J., van Wering, E.R., van 
Dongen, J.J., 1997. Preferential rearrangements of the T cell receptor-delta-deleting 
elements in human T cells. J. Immunol. 158, 1208–16. 
Vukusic, S., Hutchinson, M., Hours, M., Moreau, T., Cortinovis-Tourniaire, P., Adeleine, P., 
Confavreux, C., Pregnancy In Multiple Sclerosis Group, 2004. Pregnancy and multiple 
sclerosis (the PRIMS study): clinical predictors of post-partum relapse. Brain 127, 
1353–60. https://doi.org/10.1093/brain/awh152 
Walters, A.H., Pryor, A.W., Bailey, T.L., Pearson, R.E., Gwazdauskas, F.C., 2002. Milk 
yield, energy balance, hormone, follicular and oocyte measures in early and mid-
lactation Holstein cows. Theriogenology 57, 949–961. https://doi.org/10.1016/S0093-
691X(01)00688-4 
Wang, F., Zhang, S., Vuckovic, I., Jeon, R., Lerman, A., Folmes, C.D., Dzeja, P.P., 
Herrmann, J., 2018. Glycolytic Stimulation Is Not a Requirement for M2 Macrophage 
Differentiation. Cell Metab. 28, 463-475.e4. https://doi.org/10.1016/j.cmet.2018.08.012 
Wang, R., Dillon, C.P., Shi, L.Z., Milasta, S., Carter, R., Finkelstein, D., McCormick, L.L., 
Fitzgerald, P., Chi, H., Munger, J., Green, D.R., 2011. The transcription factor Myc 
controls metabolic reprogramming upon T lymphocyte activation. Immunity 35, 871–
82. https://doi.org/10.1016/j.immuni.2011.09.021 
Wankhade, P.R., Manimaran, A., Kumaresan, A., Jeyakumar, S., Ramesha, K.P., Sejian, V., 
Rajendran, D., Varghese, M.R., 2017. Metabolic and immunological changes in 
transition dairy cows: A review. Vet. World 10, 1367–1377. 
https://doi.org/10.14202/vetworld.2017.1367-1377  
Waters, W.R., Rahner, T.E., Palmer, M. V., Cheng, D., Nonnecke, B.J., Whipple, D.L., 2003. 
Expression of L-Selectin (CD62L), CD44, and CD25 on activated bovine T cells. Infect. 
Immun. 71, 317–26. https://doi.org/10.1128/iai.71.1.317-326.2003 
Wellen, K.E., Hatzivassiliou, G., Sachdeva, U.M., Bui, T. V., Cross, J.R., Thompson, C.B., 
2009. ATP-citrate lyase links cellular metabolism to histone acetylation. Science 324, 
1076–80. https://doi.org/10.1126/science.1164097 
  
73 
West, A.P., Khoury-Hanold, W., Staron, M., Tal, M.C., Pineda, C.M., Lang, S.M., Bestwick, 
M., Duguay, B.A., Raimundo, N., MacDuff, D.A., Kaech, S.M., Smiley, J.R., Means, 
R.E., Iwasaki, A., Shadel, G.S., 2015. Mitochondrial DNA stress primes the antiviral 
innate immune response. Nature 520, 553–7. https://doi.org/10.1038/nature14156 
Westermann, B., 2012. Bioenergetic role of mitochondrial fusion and fission. Biochim. 
Biophys. Acta 1817, 1833–8. https://doi.org/10.1016/j.bbabio.2012.02.033 
Westrate, L.M., Drocco, J.A., Martin, K.R., Hlavacek, W.S., MacKeigan, J.P., 2014. 
Mitochondrial morphological features are associated with fission and fusion events. 
PLoS One 9, e95265. https://doi.org/10.1371/journal.pone.0095265 
Wieman, H.L., Wofford, J.A., Rathmell, J.C., 2007. Cytokine stimulation promotes glucose 
uptake via phosphatidylinositol-3 kinase/Akt regulation of Glut1 activity and 
trafficking. Mol. Biol. Cell 18, 1437–46. https://doi.org/10.1091/mbc.e06-07-0593 
Williams, D.L., Barta, O., Amborski, G.F., 1988. Molecular studies of T-lymphocytes from 
cattle infected with bovine leukemia virus. Vet. Immunol. Immunopathol. 19, 307–23. 
Woolums, A.R., 2010. Immune Development of the Ruminant Neonate, in: Penn State Dairy 
Cattle Nutrition Workshop. pp. 1–5. 
Woolums, A.R., 2007. Vaccinating calves: New information on the effects of maternal 
immunity, in: 40th Annual Convention American Association of Bovine Practitioners. 
pp. 10–17. 
Woolums, A.R., Berghaus, R.D., Berghaus, L.J., Ellis, R.W., Pence, M.E., Saliki, J.T., 
Hurley, K.A.E., Galland, K.L., Burdett, W.W., Nordstrom, S.T., Hurley, D.J., 2013. 
Effect of calf age and administration route of initial multivalent modified-live virus 
vaccine on humoral and cell-mediated immune responses following subsequent 
administration of a booster vaccination at weaning in beef calves. Am. J. Vet. Res. 74, 
343–54. https://doi.org/10.2460/ajvr.74.2.343 
Xie, M., Zhang, D., Dyck, J.R.B., Li, Y., Zhang, H., Morishima, M., Mann, D.L., Taffet, 
G.E., Baldini, A., Khoury, D.S., Schneider, M.D., 2006. A pivotal role for endogenous 
TGF-beta-activated kinase-1 in the LKB1/AMP-activated protein kinase energy-sensor 
pathway. Proc. Natl. Acad. Sci. 103, 17378–17383. 
https://doi.org/10.1073/pnas.0604708103 
Yang, C. ‐P, Bell, E.B., 1992. Functional maturation of recent thymic emigrants in the 
periphery: development of alloreactivity correlates with the cyclic expression of 
CD45RC isoforms. Eur. J. Immunol. 22, 2261–9. 
https://doi.org/10.1002/eji.1830220913 
  
74 
Yin, G., Wang, Y., Cen, X., Yang, Y., Yang, M., Xie, Q., 2017. Identification of Palmitoleic 
Acid Controlled by mTOR Signaling as a Biomarker of Polymyositis. J. Immunol. Res. 
2017, 3262384. https://doi.org/10.1155/2017/3262384 
Zhang, S., Zhang, X., Wang, K., Xu, X., Li, M., Zhang, J., Zhang, Y., Hao, J., Sun, X., Chen, 
Y., Liu, X., Chang, Y., Jin, R., Wu, H., Ge, Q., 2018. Newly Generated CD4+ T Cells 
Acquire Metabolic Quiescence after Thymic Egress. J. Immunol. 200, 1064–1077. 
https://doi.org/10.4049/jimmunol.1700721 
Zheng, Y., Delgoffe, G.M., Meyer, C.F., Chan, W., Powell, J.D., 2009. Anergic T Cells Are 
Metabolically Anergic. J. Immunol. 183, 6095–6101. 
https://doi.org/10.4049/jimmunol.0803510 
Zoller, A.L., Schnell, F.J., Kersh, G.J., 2007. Murine pregnancy leads to reduced 
proliferation of maternal thymocytes and decreased thymic emigration. Immunology 
121, 207–15. https://doi.org/10.1111/j.1365-2567.2006.02559.x 
  
75 
CHAPTER 2.    LACTATION STAGE IMPACTS THE GLYCOLYTIC FUNCTION 
OF BOVINE CD4+ T CELLS DURING EX VIVO ACTIVATION 
Modified from a manuscript submitted to Veterinary Immunology and Immunopathology 
 
Jordan M. Edera, Patrick J. Gordenb, John D. Lippolisc, Timothy A. Reinhardtc, Randy E. 
Saccoa,c,* 
a Immunobiology Interdepartmental Graduate Program, Iowa State University, Ames, IA 
b Veterinary Diagnostic and Production Animal Medicine, Iowa State University, Ames, IA 
c Ruminant Disease and Immunology Research Unit, National Animal Disease Center, 
USDA, Agriculture Research Service, Ames, IA 
 
Abstract  
Dairy cattle undergo dynamic physiological changes over the course of a full lactation 
into the dry period. These physiological changes have been shown to impact the 
immunocompetence of dairy cows. During activation, T lymphocytes undergo a 
characteristic rewiring to increase the uptake of glucose and metabolically reprogram to 
support aerobic glycolysis concurrently with oxidative phosphorylation. To date it remains to 
be completely elucidated how the altered energetic demands associated with lactation in 
dairy cows impacts T cell metabolic reprogramming. Thus, we have examined the influence 
of stage of lactation on cellular metabolism in activated bovine CD4+ T cells. Our ex vivo 
studies compared the effects of activation on metabolic function of CD4+ T cells from dairy 
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cattle across a full lactation cycle, including the dry period. Results showed higher rates of 
glycolytic function and mitochondrial respiration in activated CD4+ T cells from late 
lactation and dry cows compared to cells from early and mid-lactation cows. Similarly, 
protein and mRNA expression of cytokines were higher in CD4+ T cells during late lactation 
and dry cows than CD4+ T cells from mid and early lactation cows. On the other hand, gene 
expression of enzymes and signaling molecules involved in metabolic processes were 
comparable between CD4+ T cells from mid-lactation cows and dry cows and were generally 
lower expressed than in cells from late lactation cows. Therefore, gene expression of 
molecules associated with metabolic processes are not likely an appropriate indicator of 
alterations in metabolic function. The data suggest CD4+ T cells from lactating cows have an 
altered metabolic responsiveness that could impact the immunocompetence of animals, 
particularly those in early lactation, and increase their susceptibility to infection.  
Article Info 
Keywords: 
Immunometabolism, Aerobic glycolysis, CD4+ T cells, Activation, Lactation stage, Dry 
period 
 
Introduction 
The physiological stresses of pregnancy and lactation are energetically demanding 
processes with glucose being shuttled to the mammary glands and/or fetus depending where 
they are in their lactation and gestation stage (Bell et al, 1997). Though ruminant animals 
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rely heavily on volatile fatty acids, specifically acetate and propionate for their energy source 
at a macro level, bovine lymphocytes rely on glucose for their major energy source and 
during lactation are in competition with the mammary gland where glucose is required for 
lactose synthesis (Wu et al., 1992; Ingvartsen et al, 2015). Like other species, an increase in 
glucose uptake is necessary during bovine T cell activation (Jacobs et al., 2008; Palmer et al, 
2015).  
Previous research has shown metabolic reprogramming occurs during T cell 
activation. Metabolic reprogramming refers to “the Warburg effect,” a phenomenon first 
described in cancer cells, which utilize aerobic glycolysis in oxygen-rich environments 
(Vander Heiden, et al., 2009). This phenomenon has since been reported in many immune 
cells including macrophages and dendritic cells (O’Neill et al., 2016), B cells (Doughty, 
2006) plasma cells (Lam et al., 2018), as well as T cells (Buck et al., 2015). CD4+ T cells in a 
resting and quiescent state utilize oxidative phosphorylation, but with the engagement of the 
T cell receptor (TCR) and CD28 co-stimulation, glucose uptake is increased and downstream 
signaling occurs (Frauwirth et al., 2002; Jacobs et al., 2008). This metabolic switch enables 
cells to utilize mitochondrial respiration concurrently with glycolysis and employ pathways 
essential to cell cycle progression and proliferation. Beyond this, aerobic glycolysis has been  
shown to have a role in regulating the immune system with glycolytic enzymes; for example, 
GAPDH, takes on a role as an RNA-binding protein to regulate the post-transcriptional 
expression of cytokines like IFN-γ (Chang et al., 2013). 
How this metabolic reprogramming occurs in T cells in dairy cattle in different 
nknown. Shedding some light, Schwarm et al. (2013) showed cows prepartum and 
postpartum have altered levels of oxygen consumption rate (OCR) in activated peripheral 
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blood mononuclear cells (PBMCs). PBMCs maintain a high OCR at two and five weeks 
postpartum, suggesting activation may be modulated by energy and nutrient availability 
(Schwarm et al., 2013) and those lacking in energy balance may have a resultant 
compromised immune system. 
Early lactating cows are known to be one of the most susceptible groups to infections 
and metabolic disorders, as these cows experience greater metabolic stress than cows in later 
stages of lactation (van Knegsel et al., 2014). A homeorhetic shift occurs leading to a high 
demand of glucose as body fat and muscle protein is mobilized to help keep up with energy 
demands of the animal (Wankhade et al., 2017). During this lipid mobilization, non-esterified 
fatty acids (NEFAs) are at their highest in the blood stream as well phospholipids and 
saturated fatty acids, specifically palmitic and stearic acid. The increase in saturated fatty 
acids in the plasma leads to their incorporation into the cellular membrane, which has been 
suggested to negatively affect immune function (Contreras et al., 2010). It has been proposed 
in T cells, Jurkats (T cell leukemia cell line) specifically, free fatty acids at a low 
concentration enter the cell and aid in “proliferation, cytokine production and lactate 
production,” but too high concentration has negative impacts leading to mitochondrial 
dysfunction and apoptosis (de Jong et al., 2014).  
Lipid mobilization is utilized in early lactation cattle to compensate for the negative 
energy balance caused by insufficient feed intake necessary to meet the increase in energy 
demands of milk production (Bell, 1995). However, increased lipid sources in the plasma 
may be inadvertently furthering the impairment of their immune system. Additionally, 
subclinical diseases can manifest to clinical presentation, such as intramammary infections 
(Molina et al., 2017). Immune dysfunction in dairy cows contributing to increased new 
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infections as well as chronic infections, has been mostly studied and reported in early 
lactation cows (Suriyasathaporn et al., 2000). Mid-lactation cows have been categorized as 
an immunocompetent group as a balance has been restored between milk production and 
energy intake. As seen in a study by Shuster et al (1996), mid-lactation cows are better able 
to protect themselves after an E. coli infection. Cows entering late lactation decrease their 
milk production, while their feed intake is maintained. At this time, energy is being diverted 
from the cow not only to the mammary gland, but to the growing fetus. Along with the 
change in diet, cows in the dry period and pre-transition period are no longer lactating and 
feed intake is monitored for maintenance intake to help support cow health as well as 
accommodate the fetus. Despite the energetic demands of the fetus, it is the stress at the 
initiation of lactation that has been implicated in the immune dysfunction, that is categorized 
by skewed T cell subset populations and immunosuppression, during the transition period 
and early lactation (Nonnecke et al., 2003). 
There is very little information on the cellular immunometabolism that occurs in 
cattle, especially as it applies to T cells and how gestation, lactation, and the dry period may 
alter this function. In this study, we expand on the work from Schwarm et al. (2013) focusing 
primarily on the effect lactation stage (early lactation to the dry period) has on CD4+ T cell 
activation and function. CD4+ T cells are a crucial part of the immune system, both as 
 During each of these lactation stages, the immune system is likely to have varying degrees 
of function and compensatory mechanisms for protection. The objective of this study was to 
determine the effect of lactation stage on the metabolic reprogramming in ex vivo activated 
CD4+ T cells.  
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Materials and Methods 
Animals 
Twenty-three Holsteins from the Iowa State University Dairy Farm were selected for 
this study, 5-6 cows per group. Iowa State University Institutional Animal Care and Use 
Committee (IACUC) approved all protocols. Lactation groups were assigned as the 
following: Early lactation 14-43 days in milk (DIM) (n=5), mid 81-147 DIM (n=6), late 243-
354 DIM (n=6), and those not lactating indicated as dry cows (n=6). Late lactation cows and 
dry cows were pregnant. Average days in gestation for late lactation cows and dry cows 
131.667 ± 79.333 and 239.833 ± 15.167 days, respectively. 
 
Blood and Serum collection 
120 mL of peripheral blood was collected from each animal by jugular venipuncture 
using a 1:10 dilution of 2X acid citrate dextrose (ACD) in 60 mL tubes. One vacutainer tube 
was also taken for serum collection. Serum was centrifuged at 1173 x g for 10 minutes, 
aliquoted, and stored at -80°C until further analysis.  
Serum analysis 
Serum was thawed to room temperature before determining concentrations of glucose 
(Wako Life Sciences, Inc. #997-03001) non-esterified fatty acid (NEFA) (Wako Life 
Sciences, Inc. #999-34691), and insulin (Mercodia, #10-1201-01) using in vitro enzymatic 
colorimetric assays. Assays were performed according to manufacturer’s protocols (Wako 
Life Sciences, Inc. #997-03001) (Kvidera et al., 2017). 
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PBMC isolation and CD4+ T cell enrichment 
Peripheral blood mononuclear cells were processed using Accuspin tubes (Sigma 
#A2055). Peripheral blood was diluted with PBS and added to Accuspin tubes that contained 
Histopaque 1077 (Sigma #10771) under the frit. Cells were centrifuged at 1173 x g for 10 
minutes. The buffy coat layer above the frit was added to a new 50 mL tube and was 
processed as previously described by (McGill et al., 2014). Briefly, cells were washed once 
with PBS at 422 x g 10 minutes. A lyse and restore step was used to remove residual red 
blood cells. Cells were washed two more times with PBS, counted and sorted for CD4+ T 
cells. 
Bovine CD4+ T cells were sorted using a protocol similar to that which we have 
previously published (McGill et al., 2014). Briefly, cells were sorted by positive selection 
using anti-CD4 (WSU, clone: ILA11A), MACs IgG2a+b beads (Miltenyi Biotec #130-047-
201) and LS MACS columns (Miltenyi Biotec #130-042-401) according to manufacturer’s 
instructions. Purity of CD4+ T cells was >90%. Cells were added to RPMI 1640 
(ThermoFisher #22400-089), 5% fetal bovine serum, and an antibiotic-antimycotic and 
incubated at 37°C for 24 hours. 
Cell culture 
CD4+ T cells were cultured in RPMI media (as described above), pH 7.45, and 
incubated at 37°C in 5% CO2 for 24-72 hours, assay dependent. Optimal concentrations of 
anti-CD3 and anti-CD28 were determined by analyzing cell activation as assessed using 
forward and side scatter profiles and proliferation assays (data not shown). Plate-bound anti-
CD3 at 5μg/ml (WSU clone: MM1A) and soluble anti-CD28 at 1μg/ml (WSU clone: TE1A) 
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was selected to generate activated CD4+ T cells. After 24 hours, cell culture supernatants 
from stimulated and unstimulated cultures were centrifuged, aliquoted and stored at -80°C 
until utilized for further analyses. 
Metabolic Assays 
Metabolic assays were performed using the XFe 96 Seahorse extracellular flux 
analyzer (Agilent Technologies). Anti-CD3:anti-CD28 stimulated and unstimulated CD4+ T 
cells were plated at 4.5x105 cells/well in plates coated with Cell Tak (Corning #354240). 
Final well drug concentrations for the Mito Stress Test (Agilent #103015-100) were as 
follows: Oligomycin 2μΜ, FCCP (Carbonyl cyanide-4-phenylhydrazone) 2μM, and 
Rotenone/Antimycin A 0.5μΜ. Culture media for the mitochondria stress test contained 
RPMI and 2mM glutamine without a buffer solution (Sigma #R1383), 10mM glucose (Sigma 
#S8636) and 1mM pyruvate (Sigma #G8769). Equations for parameters and a graphical 
representation of calculations from the report generator used for Mito Stress Test can be 
found in Supplementary Table 2-2 and Supplementary Figure 2-15. Final well concentrations 
for the Glycolysis Stress Test (Agilent #103020-100) were as follows: Glucose 10mM, 
Oligomycin 2μM, 2-Deoxyglucose 50mM. Culture media for the glycolysis stress test was 
RPMI containing 2mM glutamine without a buffer solution (Sigma #R1383) and no glucose 
or pyruvate. Equations for parameters and a graphical representation of calculations from the 
report generator used for Glycolysis Stress Test can be found in Supplementary Table 2-3 
and Supplementary Figure 2-16. 
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Flow cytometry 
Cell surface staining was conducted on sorted CD4+ T cells. Briefly, 2x105 cells were 
washed with PBS and incubated with Live/Dead stain (ThermoFisher #65-0865-14) for 30 
minutes at 4°C. Cells were washed and incubated with primary antibodies: anti-CD3 (WSU, 
IgG1 clone: MM1A), anti-CD4 (WSU, IgG2a, clone: IL11A), for 15 minutes at room 
temperature. Cells were washed and incubated in the dark for 15 minutes with the following 
secondary antibodies: anti-IgG1 AF350 (ThermoFisher #A21120); anti-IgG2a PE 
(Biolegend, clone: RMG2a-62 #407108); anti-IgG3 AF488 (ThermoFisher #A-21151), anti-
IgG2b (AF350, ThermoFisher #A-21140). Cells were washed and analyzed using a Becton 
Dickinson LSR II flow cytometer. To determine mitochondrial mass, cells were incubated for 
20 min at room temperature in the dark with 25μM Mitotracker green (ThermoFisher 
#M7514). Cell trace violet was used for proliferation assessment at 72 hours. Data were 
evaluated with FlowJo software (FlowJo, LLC, Ashland, OR, USA). 
Realtime PCR 
To analyze mRNA expression, as well as genomic DNA for mtDNA/nDNA ratios, an 
Allprep RNA/DNA/Protein mini kit (Qiagen #80004) was used to extract RNA and DNA. 
RNA was used to transcribe single-stranded cDNA as previously described (Eberle et al., 
2015) using random primers (ThermoFisher #48190-011) and dNTP mix (Thermofisher 
#18427-088). 5x First Strand Buffer, 0.1M DTT, and Superscript Reverse Transcriptase 
(ThermoFisher #18080-044) were added as per manufacturer’s instructions to complete the 
reaction. cDNA was added to a master mix of the respective primers with DNase and RNase 
free waters as well as Power SYBR green PCR master mix. (ThermoFisher #4367659). 
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Expression levels of mRNA were normalized to the housekeeping gene RPS9 (Ribosomal 
Protein S9) and analyzed by relative quantification using ∆∆CT method. List of primers used 
can be found in Table 2-1. 
Table 2-1. Primers sequences of genes used for qPCR 
Genea   Primer sequences (5'-3') Accession # Source 
S
ig
n
al
in
g
 
mTOR 
Fwd: ATGTGCGAACACAGCAACAC 
XM_010823084.1 This paper 
Rev: CCTTTCACGTTCCTCTCCCC 
Rictor 
Fwd: TGGCTCAATGCCTCTTCTGG 
XM_010816811.1 This paper 
Rev: TTGGAAAGGATGACCCTGGC 
Raptor 
Fwd: AGCTTTGCACGTCTTTACGC 
XM_010816454.1 This paper 
Rev: GCAGCGACCTTGTTGAAGAC 
INSR 
Fwd: TCCTCAAGGAGCTGGAGGAGT  
XM_590552 Sadri et al., 2010 
Rev: GCTGCTGTCACATTCCCCA 
G
ly
co
ly
si
s 
Glut1 
Fwd: GTGCTCCTGGTTCTGTTCTTCA 
NM_174602 Komatsu et al., 2005 
Rev: GCCAGAAGCAATCTCATCGAA 
Glut3 
Fwd: GCCGCCGATAGAGGACATTT  
NM_174603.3  Eger et al., 2016 
Rev: ATGGCGAAGATCAGAGGTGC  
HK2 
Fwd: AAGATGCTGCCCACCTACG  
XM-002691189  Zhao et al., 2012 
Rev: TCGCTTCCCATTCCTCACA  
FBP1  
Fwd: CACCGAGTATGTCCAGAGGAAGA  
Bt.24314  Doelman et al., 2012 
Rev: ACGTACCTGGCGCCATAGG 
GAPDH 
Fwd: CCTGCCCGTTCGACAGATA  
NM_001034034.1  
Rekawiecki et al., 
2012 Rev: GGCGACGATGTCCACTTTG  
LDHa 
Fwd: GGCAAAGACTATAATGTGACAGCAA 
BC146210 O'Shea et al., 2016 
Rev: ACGTGCCCCAGCTGTGA 
PDHA1 
Fwd: CAGTTTGCTACTGCTGATCCTGAA 
NM_001101046 O'Shea et al., 2016 
Rev: AGGTGGATCGTTGCAGTAAATGT 
PC 
Fwd: CTCCCACCATCTGTCCTTTCC 
NM_177946 O'Shea et al., 2016 
Rev: TTTATTTGGGCAGGAGATGAATACG 
ACSS2  
Fwd: ACCCAAGGGCGTGTTACACA  
Bt.29433  Doelman et al., 2012 
Rev: TCCTCCGCATGAAAGTCAAAC  
C
y
to
k
in
es
 
IL10 
Fwd: TTACCTGGAGGAGGTGAT 
NM_001009327.1 Sacco et al., 2012 
Rev: GTTCACGTGCTCCTTGAT 
IL13 
Fwd: CTGCAGTGTCATCCAAAGGA 
NM_174089.1  This paper 
Rev: GAGGGCTTGTGAGGACAGAG 
IL4 
Fwd: GCGGACTTGACAGGAATCTC 
NM_173921.2 Sacco et al., 2012 
Rev: GCGTACTTGTGCTCGTCTTG 
IFNg 
Fwd: AGAATCTCTTTCGAGGCCGGAG 
NM_174086.1 Sacco et al., 2012 
Rev: TATTGCAGGCAGGAGGACCATTAC 
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Table 2-1 Continued. 
Genea   Primer sequences (5'-3') Accession # Source 
T
F
s 
GATA3 
Fwd: AACCGGGCATTACCTGTGTA 
NM_001076804.1 Thacker et al., 2009 
Rev: AGGACGTACCTGCCCTTCTT 
TBET 
Fwd: CCTGGACCCAACTGTCAACT 
NM_001192140.1 Thacker et al., 2009 
Rev: GGTAGAAACGGCTGGAGATG 
m
tD
N
A
 
COX1  
Fwd: GTTTCATCGTATGAGCCCACCA 
NC_006853.1  
May-Panloup et al., 
2005 Rev: AGTGGCTGATGTGAAGTAGGC 
n
D
N
A
 
mtTFA 
Fwd: CAAATGATGGAAGTTGGACG 
NM_001034016.2 
May-Panloup et al., 
2005 Rev: AGCTTCCGGTATTGAGACC 
H
K
G
b
 
RPS9 
Fwd: GTGAGGTCTGGAGGGTCAAA 
NM_001101152.2 Nelson et al., 2011 
Rev: GGGCATTACCTTCGAACAGA 
aMTOR mammalian/mechanistic target of rapamycin, RICTOR RPTOR Independent 
Companion of MTOR Complex 2, RPTOR Regulatory-associated protein of mTOR, INSR 
Insulin receptor, GLUT1 SLC2A1 glucose transporter 1, GLUT3 SLCA23 glucose 
transporter 3, HK2 hexokinase II, FBP1 Fructose-1,6-bisphosphatase 1, GAPDH 
Glyceraldehyde 3-phosphate dehydrogenase, LDHA Lactate dehydrogenase isoform a, 
PDHA1 Pyruvate dehydrogenase lipoamide α 1, PC pyruvate carboxylase, ACSS2 Acyl-CoA 
synthetase short-chain family member 2, IFNG Interferon gamma, GATA3 Gata binding 
protein 3, COX1 Cytochrome c oxidase subunit 1, TFAM Transcription factor A, 
mitochondrial, RPS9 Ribosomal protein S9 
b HKG housekeeping gene 
ELISAs 
Concentrations of cytokines in cell culture supernatants were determined using 
sandwich ELISAs. Samples were thawed on ice, diluted 1:3 and were analyzed for TNF-α 
(KingFisher Biotech, Inc. #VS0285B-002) and IL-2 (KingFisher Biotech,Inc. #DIY110B-
003), or diluted 1:10 for IFN-γ (Kingfisher Biotech, Inc. #VS0257B-002). Instructions as per 
the manufacturer were followed as indicated for TNF-α and IFN-γ. For IL-2, plates were 
coated with IL-2 capture antibody (2.5μg/ml). Plates were washed and blocked for 1.5 hr and 
samples and standard were loaded and incubated for 1 hr. Plates were washed and detection 
antibody (0.1μg/ml) was added for 1 hr. Plates were washed and streptavidin-HRP was added 
and incubated for 30 min. Following washing, plates were developed for 30 min with TMB 
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substrate solution and reactions were stopped with Stop Solution (KingFisher Biotech, Inc. 
#AR0133-002) and read on a Flex Station 3 plate reader (Molecular Devices, San Jose, CA, 
USA) at 450nm.  
 
Results 
Serum components establish energy balance in periphery of dairy cows 
Because energy balance is an important factor in understanding the physiology of each 
stage of lactation, we analyzed serum glucose, insulin, and NEFA levels from cows in each 
stage. Glucose levels in adult cows is about half the concentration of what is found in 
humans, measuring around 40-60 mg/dL, in each lactation group (Fig. 2-9A). No differences 
were observed among any of the stages. Insulin has been reported to increase in the serum 
from 50 to 300 days (Kennedy et al., 1987). Insulin increased slightly from cows in early 
lactation to late lactation, then decreased slightly in dry cows (Fig. 2-9B). Lastly, during 
early lactation cows are commonly in negative energy balance as they are unable to consume 
enough feed to meet the energy demands of lactation, thus lipids are mobilized and NEFA 
concentrations are elevated. In Figure 2-9C, as predicted, we show that early lactation cows 
have a significantly higher NEFA concentrations than those in later stages (*p<0.05). 
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Figure 2-9. ELISAs were performed on serum samples from dairy cows from different 
lactation stages and dry cows analyzing concentrations of glucose, insulin, and non-
esterified fatty acids. Cows were separated into groups according to lactation stage as 
determined by days in milk (DIM) or indicated as dry for those not lactating. Early lactation 
cows (n=5) were 14-70 DIM, mid lactation cows (n=6) were 71-150 DIM, late lactation cows 
(n=6) were 151-330 DIM, and dry cows are not lactating. Data shown are mean ± SEM. One-
way ANOVA with Sidak’s multiple comparisons among all stages. *p<0.05  
Metabolic reprogramming occurs during activation of bovine CD4+ T cells 
Quiescent CD4+ T cells utilize oxidative phosphorylation to support cellular 
functions. However, upon activation, CD4+ T cells undergo metabolic reprogramming in 
which aerobic glycolysis is increased as is mitochondrial respiration, i.e. oxidative 
phosphorylation (OXPHOS). Reprogramming to aerobic glycolysis allows cells to generate 
ATP rapidly as well as to produce metabolic intermediates needed to support cell cycle 
progression and proliferation. To determine whether CD4+ T cells from ruminants have the 
same metabolic shift from OXPHOS to aerobic glycolysis that is seen in activated CD4+ T 
cells in nonruminant species, we stimulated CD4+ T cells with plate-bound anti-CD3 and 
soluble anti-CD28 for 24 hr. This experiment was conducted on CD4+ T cells isolated from 
cows at different stages of lactation as well as dry cows to determine whether metabolic 
programming is impacted by stage of lactation. After stimulation, we analyzed their Oxygen 
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Consumption Rate (OCR)/Extracellular Acidification Rate (ECAR) ratios and compared it 
back to unstimulated cells. Stimulated bovine CD4+ T cells show a decrease in OCR/ECAR 
indicative of the reported reprogramming to aerobic glycolysis as seen in nonruminant 
species. Cells that were not stimulated have a higher OCR/ECAR ratio, favoring oxidative 
phosphorylation indicative of being in a resting state (Fig. 2-10). Across all stages of 
lactation, activated bovine CD4+ T cells metabolically reprogrammed to favor aerobic 
glycolysis, exhibited by the shift in the OCR/ECAR ratio. There were no significant 
differences among lactation stages in the OCR/ECAR ratio. Additionally, cellular activation 
was confirmed by flow cytometric analyses by an increase in cell size (FSC) in stimulated 
cells as they progress through their cell cycle towards their first cell division compared to 
unstimulated cells (data not shown).  
 
Figure 2-10. Metabolic reprogramming was observed in activated CD4+ T cells from 
dairy cows. A) Peripheral blood CD4+ T cells were sorted and activated for 24 hours with 
plate-bound CD3 (5μg/ml) and soluble CD28 (1μg/ml) and their metabolic phenotype was 
analyzed using the Seahorse extracellular flux analyzer. The OCR/ECAR ratio measured 
activated T cells (black bars) and inactivated cells (white bars) in each lactation stages- early 
(14-70 DIM, n=5), mid (71-150 DIM, n=6), late (151-330 DIM, n=6), dry (not lactating, 
n=6). Data shown are mean ± SEM. P values of CD4+ T cells were calculated by two-way 
ANOVA (comparing stage or treatment) and Tukey’s multiple comparison. *p<0.05, 
**p<0.01, ***p<0.001. 
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Activation-induced changes in mitochondria respiration of bovine CD4+ T cells 
To further characterize the metabolic reprogramming occurring in CD4+ T cells 
isolated from dairy cattle at differing lactation stages and in the dry period, we evaluated the 
effects of CD3/CD28 co-stimulation on mitochondrial respiration (Fig. 2-11A). Interrogating 
different complexes of the mitochondrial electron transport chain (ETC) by injecting targeted 
inhibitors, allowed us to observe changes in mitochondrial function between unstimulated 
cells and stimulated CD4+ T cells from different stages of the lactation cycle and into the dry 
period. Despite the metabolic shift to aerobic glycolysis, activated bovine CD4+T cells still 
utilize and increase mitochondrial respiration as measured by oxygen consumption rate, a 
trait conserved across species. Our results show stimulated CD4+ T cells from cows later in 
lactation and gestation have a significantly higher basal OCR (Fig. 2-11B) and increased 
proton leakage (Fig. 2-11C) than those in early and mid-lactation. ATP production (Fig. 2-
11F), as measured by changes in OCR, increases relative to the progression of lactation 
stages with dry cows producing more ATP than mid and early lactation cows (*p<0.05). 
Despite these differences, maximal respiration (Fig. 2-11D), which is the maximal capacity 
the respiratory chain can operate in a physiologically energetic demanding situation, is 
consistent among stages. In addition, the spare respiratory capacity (Fig. 2-11E) among the 
lactation groups is similar. Spare respiratory capacity indicates the cell’s capability to 
respond to an increased energetic demand, as well as a measurement of the cell’s capability 
of respiring at theoretical maximum. Taken together, these data show CD4+ T cells isolated 
from dry cows and late lactation cows, when stimulated, have increased mitochondria 
function in comparison to CD4+ T cells from early and mid-lactation cows. The observed 
increase in proton leak and ATP production in stimulated CD4+ T cells from late lactation 
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and dry cows, suggests differences in function and/or regulation of the ATP synthase 
complex within the ETC as well as the flow of the proton gradient compared to CD4+ T cells 
from cows in mid and early lactation. 
 
Figure 2-11. Mitochondrial function of peripheral blood CD4+ T cells from dairy cows 
of different lactation stages was assessed. 
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Figure 2-11. Continued.  
Peripheral blood CD4+ T cells were sorted and activated with plate-bound CD3 (5μg/ml) and 
soluble CD28 (1μg/ml) for 24 hours and mitochondria function was analyzed using the XF 
Cell Mito Stress Test kit (black lines/bars). Grey lines/white bars represent control 
unstimulated cells cultured for 24 hours, used as a point of reference for stimulated CD4+ T 
cells cows from different stages of lactation and dry cows. Lactation stages were assigned as 
the following: early (14-70 DIM, n=5), mid (71-150 DIM, n=6), late (151-330 DIM, n=6), 
dry (not lactating, n=6). (A) Mitochondria function kinetics were recorded in real-time 
measuring oxygen consumption rate (OCR). This was used to calculate the following 
parameters (B) Basal OCR, (C) Proton Leak, (D) Maximal Respiration, (E) Spare 
Respiratory Capacity, and (F) ATP Production. Data shown are mean ± SEM. Mitochondrial 
stress test was analyzed with one-way ANOVA and Sidak’s multiple comparison of 
stimulated CD4+ T cells among all stages. *p<0.05. FCCP, carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone. 
Mitochondrial respiration changes driven by increased mitochondrial mass in bovine 
CD4+ T cells 
To determine the cause of increased mitochondrial respiration in late lactation and dry 
cows, we investigated the changes in mitochondrial mass using a flow cytometric assay. We 
stained anti-CD3:anti-CD28 stimulated and unstimulated CD4+ T cells from with Mitotracker 
green. This fluorescent dye stains all mitochondria in the cell independent of membrane 
potential. We then compared the geometric mean fluorescent intensity (geoMFI) between all 
lactation groups and dry cows by taking the ratio of stimulated CD4+ T cells to unstimulated 
CD4+ T cells and were able to determine the increase in mitochondrial mass in each stage of 
lactation and dry cows (Fig. 2-12A). Early, mid, and late lactation groups had a ~1.5-fold 
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increase in mitochondrial mass compared to unstimulated cells. CD4+ T cells from dry cows 
have over a 3.5-fold increase in mitochondria mass compared to unstimulated cells. The 
increased mitochondrial mass seen in CD4+ T cells from dry cows was significantly higher 
than the fold change of stimulated CD4+ T cells from early (**p<0.01) as well as from mid 
and late lactation stages (***p<0.001). To determine whether the increase in mass was 
biogenesis-related, we quantified the ratio of mitochondrial DNA to nuclear DNA 
(mtDNA/nDNA) (Fig. 2-12B). There were no significant differences in mtDNA/nDNA 
among CD4+ T cells from any of the lactation groups. Taken together, activated CD4+ T cells 
from dry cows have a greater increase in mitochondrial mass than lactating cows. 
 
Figure 2-12. Mitochondria mass assessed as part of functional differences of activated 
bovine CD4+ T cells. Peripheral blood CD4+ T cells from dairy cows were stimulated ex vivo 
for 24 hours with plate-bound CD3 (5μg/ml) and soluble CD28 (1μg/ml). Cells were stained 
with (A) Mitotracker green (25 μM) to determine mitochondrial mass by flow cytometry. 
Data represents geometric MFI (geoMFI) ratio of stimulated to unstimulated CD4+ T cells 
from each lactation stage, early (14-70 DIM, n=5), mid (71-150 DIM, n=6), late (151-330 
DIM, n=6), dry (not lactating, n=6). (B) qPCR analysis of relative mitochondrial DNA to 
nuclear DNA ratio (mtDNA/nDNA). Data presented are mean ± SEM. Ratio of mitotracker 
green geoMFI and mtDNA/nDNA was analyzed with one-way ANOVA using Tukey’s 
multiple comparison of CD4+ T cells among all stages. **p<0.01, ***p<0.001.  
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Glycolysis rate is altered between lactation stages of bovine CD4+ T cells 
Because we observed the expected reprogramming in activated bovine CD4+ T cells, 
as suggested by the OCR/ECAR ratio (Fig. 2-10), we further interrogated the glycolytic 
function. Cells were stimulated for 24 hours with anti-CD3:anti-CD28 in complete media and 
then starved of glucose for one hour prior to the first injection of glucose in the stress test. 
This allows cells to take up glucose in a rapid manner to examine their rate of glycolysis in 
energy replete environment. Next, cells are subjected to an injection of oligomycin, a 
mitochondrial ATP synthase inhibitor, which forces cells to utilize glycolysis to their 
maximum capacity. Lastly, 2-deoxyglucose is added to the cell’s culture which inhibits 
hexokinase, efficiently shutting down glycolysis. Stimulated bovine CD4+ T cells across all 
lactation stages are noticeably more capable of increasing their rate of glycolysis compared 
to unstimulated cells. Notably, stimulated CD4+ T cells from dry cows and late lactation 
cows have a higher glycolytic rate (Fig. 2-13A,B) and increased ability to utilize glycolysis at 
a higher capacity (Fig. 2-13C) than stimulated CD4+ T cells from cows in early and mid-
lactation. Despite later stages having a more rapid flux in glycolysis, all stages have a similar 
glycolytic reserve (Fig. 2-13D), which implies they all function at similar levels relative to 
their theoretical maximum in the event of an increased energetic demand. Dry cows also had 
a higher level of non-glycolytic acidification than early and mid-lactation cows. To 
summarize, though CD4 + T cells isolated from cows throughout each stage of a full lactation 
cycle operate at various glycolytic rates, during an increased energetic demand, our data 
suggest varying lactation stages have a similar glycolytic reserve.  
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Figure 2-13. Metabolic shift towards aerobic glycolysis occurs in activated bovine CD4+ 
T cell. The glycolytic function was assessed using the XF Glycolysis Stress Test kit on 
bovine CD4+ T cells isolated from peripheral blood. Cells were activated ex vivo for 24 hours 
with plate-bound CD3 (5μg/ml) and soluble CD28 (1μg/ml). Stimulated cells are represented 
by black lines/black bars. Control, unstimulated cells are represented by grey lines/white bar 
and were cultured for 24h. Extracellular acidification rate (ECAR) was recorded in real-time 
showing glycolytic function in a kinetic graph (A). Cells were starved of glucose for 1 hour, 
the first injection of 10mm glucose measures (B) the rate of glucose. Other parameters  
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Figure 2-13. Continued.  
measured include (C) glycolytic capacity, (D) glycolytic reserve and (E) non-glycolytic 
acidification. Data presented are mean ± SEM. One-way ANOVA with Sidak’s with multiple 
comparisons was used to compare stimulated CD4+ T cells from dairy cows in each lactation 
stages and dry cows. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 2-DG, 2-
Deoxyglucose. 
mRNA expression of metabolic enzymes is not reflective of metabolic status 
Aerobic glycolysis has been shown to play a role in the regulation of the immune 
system using enzymes involved in glycolysis as RNA-binding proteins to control the 
translation of certain cytokines or inhibit T cell effector function based on increased 
expression (Hentze et al., 2010; Chang et al., 2013). We examined mRNA expression of 
genes involved in glycolysis, signaling molecules with important roles in glucose 
metabolism, cytokine production, and proliferation, as well as cytokine gene expression. The 
heatmap is indicative of the 2-ΔΔCT relative expression of stimulated to unstimulated bovine 
CD4+ T cells (Fig. 2-14A). Metabolic genes of interest included GAPDH, hexokinase II 
(HK2), LDHA, and TBET. As previous data shows, CD4+ T cells isolated from dry cows are 
highly glycolytic and here we show mRNA expression of glycolytic genes and regulators of 
IFN-γ are increased compared to CD4+ Τ cells from the other lactation stages. Interestingly, 
CD4+ Τ cells from mid-lactation cows express similar mRNA levels of TBET and HK2 as 
cells from dry cows, but slightly less GAPDH and lower LDHA. Lower expression of these 
two genes in addition to a lower mRNA expression of IFNG could explain the significantly 
reduced protein level of IFN-γ produced by CD4+ T cells from mid-lactation cows compared 
to cells from dry cows (Fig. 2-14C). Early lactation cows have depressed mRNA expression 
of all glycolytic genes and those related to the production of IFN-γ. mRNA expression of 
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CD4 + Τ cells from late lactation show an increased LDHA, and moderate expression of all 
glycolytic and IFN-γ regulating genes.  
Gene expression of signaling molecules upstream from aerobic glycolysis is generally 
enhanced in CD4+ T cells isolated from early lactation cows 
Additionally, we examined gene expression of molecules involved in signaling during 
activation such as insulin receptor (INSR), GATA3, Raptor (RPTOR), and MTOR. mRNA 
expression of molecules involved in signaling and promoting aerobic glycolysis directly or 
through its regulation as a transcription factor, (INSR, GATA3, RPTOR) are more highly 
expressed in CD4+ T cells from early lactation cows. In contrast to other signaling molecules 
involved in signaling upstream of aerobic glycolysis, MTOR has a similar expression pattern 
as glycolytic gene, HK2.CD4+ T cells isolated from dry or mid-lactation cows express MTOR 
at a higher level than cells from late lactation, whereas cells from early lactation cows exhibit 
the lowest expression. 
Pearson’s pairwise correlation matrix of all genes corroborates results on metabolic 
function of CD4+ T cells from differing lactation stages 
Furthermore, we evaluated gene expression data using Pearson’s pairwise correlation 
matrix to compare glycolytic and mitochondrial function with immune and metabolic 
signatures (Fig. 2-14B). We were able to identify two distinct clusters based on lactation 
stage. When analyzing all genes impacting immune and metabolic function, CD4+ T cells 
from mid and early lactation cows form one cluster and CD4+ T cells from late lactation and 
dry cows form the other. It is of note, when analyzing gene expression data focusing on 
genes involved in metabolism, as well as signaling molecules affected by metabolic enzymes, 
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CD4+ T cells isolated from mid-lactation and dry cows grouped together (Supp. Fig. 2-17, 2-
18). In contrast, CD4+ T cell cytokine mRNA expression clustered dry and late lactation 
groups together, showing similar results to protein levels (Supp. Fig. 2-19, Fig. 2-14C). IFN-
γ, IL-2, and TNF-α are produced at a higher level in anti-CD3:anti-CD28 stimulated CD4+ T 
cells isolated from late lactation and dry cows (Fig. 2-14C-E). No protein assays have been 
examined for comparison to observations of mRNA expression data for genes involved in 
metabolism. However, it is likely that post-transcriptional or post-translational modifications 
in CD4+ T cells from dry cows differ from those of mid-lactations cows, which would 
account for the discrepancy between the mRNA expression and observations seen from 
extracellular flux analysis. 
 
Figure 2-14. mRNA expression of enzymes and proteins involved in the immune 
response differ among lactation group. 
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Figure 2-14. Continued.  
Peripheral blood CD4+ T cells were sorted and activated for 24 hours with plate-bound CD3 
(5μg/ml) and soluble CD28 (1μg/ml). qPCR relative expression is the log2
 of stimulated cells 
to unstimulated cells. (A) Expression-based heatmap of 19 genes involved in eliciting an 
immune response were analyzed and hierarchically clustered by average linking and 
Pearson’s distance measurement by the log2 relative
 expression from qPCR. (B) Pairwise 
Pearson’s correlation plot of the lactation groups (Pearson correlation coefficient 0.8514-1 
for all lactation stages). Supernatants from unstimulated cells and cells stimulated for 24 
hours with anti-CD3:anti-CD28 were used in ELISAs detecting the following cytokines (C) 
IFN-γ, (D) IL-2, (Ε) TNF-α. Unstimulated cells were below the level of detection in all 
ELISAs. Data presented are the mean ± SEM. One-way ANOVA with Tukey’s multiple 
comparison of CD4+ T cells among all stages. *p<0.05, **p<0.01. 
 
Discussion 
Lactation and pregnancy are dynamic processes, modulating the physiological system 
and immune system of the cow. Our study provides data on the immunometabolic impact 
that lactation stage has on activated CD4+ T cells. CD4+ T cells from cows in early lactation 
have an overall dampened immune response in relation to cells isolated from cows at other 
stages of lactation and dry cows. CD4+ T cells from early lactation cows present the lowest 
mitochondrial and glycolytic function in activated states and were the lowest cytokine 
producers. Gene expression analyses revealed CD4+ T cells from early lactation cows have 
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their own gene expression signature in comparison to those cells isolated from cows during 
other lactation stages and dry period. CD4+ T cells from dry and late lactation cows appeared 
to be the most metabolically active, but surprisingly had different gene expression levels. 
Interestingly, activated CD4+ T cells from mid-lactation cows have dampened rates of both 
OXPHOS and glycolysis when compared to late lactation and dry cows, but had a similar 
metabolic gene expression profile compared to dry cows. An exact mechanism is unknown as 
to why CD4+ T cells from mid-lactation and dry cows exhibit functional differences despite 
having similar mRNA metabolic signatures. We predict that post-transcription and post-
translational regulation may play a role in modulating protein expression and function 
driving two separate metabolic and functional phenotypes. 
Dairy cattle are susceptible to a variety of pathogens and metabolic disease and their 
susceptibility has shown to be impacted by stage of lactation (Moosavi et al, 2014). Schwarm 
et al. (2013), suggested that nutrient availability in pre- and postpartum periods (up to 5 
weeks) may contribute to the immune status of the animal. Clinical blood parameters such as 
glucose, insulin, and NEFAs are useful in determining energy balance. In the present study, 
serum levels of glucose and insulin were within physiological ranges during all lactation 
stages. NEFA levels are increased in early lactation cows, as our data supports (Fig. 2-9). 
Lacetera et al. (2004), suggested that PBMCs from cows with increased plasma NEFA 
concentrations have dampened functions in vitro. Others reported that NEFAs play a role in 
cytokine suppression and gene regulation or alternatively have immunostimulatory roles in 
innate immune cells (De Pablo et al., 2000; Scalia et al., 2006; Ingvartsen et al., 2013). In 
addition, lipid mobilization during early lactation increases the concentration of NEFAs but 
may also alter the concentrations of certain fatty acids in lipid fraction. For instance, 
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saturated fatty acids, palmitic and stearic acid (Contreras et al., 2010) are increased in the 
plasma of early lactation cows, but not exhibited in later lactation stages or in the dry period. 
Contreras et al. (2010), shows these two saturated fatty acids incorporate into the cellular 
membrane structure and suggests that a change in the fatty acid composition may play a role 
in the immunosuppressive profile seen in early lactation cows. Adding to that, in the total 
plasma lipid profile, there is an increase in linoleic acid (Contreras et al, 2010). Linoleic acid 
is known to cause mitochondrial depolarization and apoptosis of CD4+ T cells even in small 
doses (de Jong et al., 2014).  
In our study, CD4+ T cells from early lactation cows were cultured ex vivo for 24 
hours in the presence of ample glucose and other nutrients. As a result, early lactation cows 
showed dampened metabolic function and cytokine production in comparison to late 
lactation and dry cows. Evidently, CD4+ T cells isolated from early lactation cows and 
cultured for 24 hours in an ex vivo environment were incapable of “recovering” functional 
capacity. In support of this dampened metabolic phenotype, fatty acid molecules and NEFAs 
have been shown in mice to affect the bioenergetics of cells, inhibiting activation of PI(3)K 
pathway through insulin receptor signaling (Kruszynska et al., 2002; Nisr et al., 2016). We 
predict compositional changes caused by NEFA concentrations could negatively impact 
membrane proteins involved in immune activation and energy uptake, and thereby modify 
 
In terms of cellular metabolism, like activated human and mouse CD4+ T cells, 
activated bovine CD4+ T cells follow the same metabolic shift of increased aerobic 
glycolysis and OXPHOS compared to resting CD4+ T cells (Fig. 2-10). However, cells 
isolated during different lactation stages exhibit variable rates at which they increase these 
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energetic pathways (Fig. 2-11 & 2-12). Basal OCR and proton leak levels were significantly 
higher in CD4+ T cells from late lactation and dry cows, in comparison to cells from cows in 
early and mid-lactation (Fig. 2-11B, C). Increased basal OCR levels of activated cells was 
also observed by Schwarm et al. (2013) using PBMCs. Increased OCR basal levels is 
indicative of an activated state, which was further confirmed by an increase in FSS in flow 
cytometric analyses (data not shown). In a functioning mitochondrion, electrons flow through 
the electron transport chain which generates a proton gradient in the intermembrane space. 
H+ cross the inner membrane by ATP synthase moving into the matrix and generating ATP. 
The energy flow of the electron transport chain pushes H+ from the matrix back across the 
inner membrane to the intermembrane space for this continuous loop. Proton leak is the 
uncoupled translocation of protons from the intermembrane space (IMS) of the mitochondria 
when ATP synthase is inhibited, as occurs during injection of oligomycin. Proton leak 
pathways are important for preventing oxidative damage (Divakaruni et al., 2011). 
Uncoupling proteins are employed to allow H+ to move across the IMS from the 
mitochondria to counteract overproduction of reactive oxygen species (ROS) (Cheng et al., 
2017). There is evidence that ROS induces the proton leak, so a feedback loop may be in 
place (Brookes, 2005). With that in mind, it may be possible that an increased proton leak 
may be a compensatory mechanism in dry cows, following an increased production of ROS. 
Despite early studies showing its cell-damaging capabilities, ROS has been shown in recent 
years to play a role in cell signaling (Sena et al., 2013; Franchina et al, 2018). An increase in 
ROS could partly explain the increased cytokine production in CD4+ T cells isolated during 
late lactation and the dry period. However, this remains to be elucidated. Studies with  
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lactating mice show similar results in that lactating mice have varied mitochondrial 
respiratory function depending on the tissue and on the stage of lactation (Mowry et al., 
2017). 
Additionally, mitochondrial mass analyses indicated a 3.5-fold increase in CD4+ T 
cells isolated from dry cows which could play a role in the observed increase in OCR (Fig. 2-
12A). Flow cytometric measurements of mitochondria mass were compared to the 
mtDNA/nDNA ratio, another measurement of biogenesis. While there was a slight increase 
mtDNA/nDNA in CD4+ T cells isolated from dry cows (Fig. 2-12B), it is unclear if the 
increase in mitochondrial mass is because of an increase in mitochondrial content. With this 
increase in mitochondrial mass, it may be possible that mitochondria in CD4+ T cells isolated 
from dry cows are undergoing morphological changes, such as increased fusion events than 
cells from cows during lactation. Mitochondrial fusion is the process of two mitochondria 
fusing together their inner and outer membranes during a stress or increased energy demand 
to compensate for damage and/or increase oxidative capacity, a process that is GTPase driven 
(Westrate et al., 2014), which corroborates with the increased OCR levels seen from anti-
CD3:anti-CD28 stimulated CD4+ T cells from dry and late lactation cows in Figure 2-11. In 
addition, fusion events are prevalent in T memory cells during activation, so it could be 
attributed to heterogenous CD4+ T cell populations between lactating cows of different stages 
(Shafer-Weaver et al., 1999; Nonnecke et al., 2003) or as part of a normal physiological 
process.  
Despite minor increases in OCR in CD4+ T cells isolated from T cells among 
lactation groups, we found the most dramatic differences between lactation stages in cellular 
aerobic glycolysis rates (Fig. 2-13). Aerobic glycolysis provides energy as well as regulates 
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the immune system to provide molecules for pathways used during cell cycle progression and 
activation (Loftus et al, 2016; Menk et al., 2018). Stimulated CD4+ T cells from all stages 
effectively increase their glycolysis rate compared to unstimulated cells (Fig. 2-13A). 
Furthermore, stimulated cells from late and dry cows have a significantly higher rate of 
glycolysis as well as higher glycolytic capacity compared to stimulated cells from early and 
mid-lactation. Glucose is the major energy source for bovine lymphocytes (Wu et al., 1992). 
Glucose transporters, Glut1 and Glut3, in monocytes and macrophages have been shown to 
be modulated by milk production postpartum (Eger et al., 2016). As identified in murine T 
cells, Glut1 and to a lesser extent Glut3 are important in transporting glucose into the cell 
with Glut1 being essential to activation and effector function. Despite mRNA expression of 
glycolytic machinery and glucose transporters having different levels of expression in CD4+ 
T cells from late lactation and dry cows, perhaps post-transcriptional or translational 
modifications are occurring in cells from these two groups, driving this increased glycolytic 
rate (Fig. 2-13B). Interestingly, glycolytic reserve (Fig 2-13D), an indicator of a cell’s ability 
to utilize glycolysis during an ATP demand, was consistent in activated CD4+ T cells across 
lactation stages. So, while activated CD4+ T cells from late and dry cows can rapidly 
implement glycolysis and function at a higher capacity in the event of mitochondrial 
dysfunction, activated CD4+ T cells from mid and early lactation have comparable levels of 
glycolytic reserve to the other stages in the face of an increased energetic demand.  
In the presence of an increased energetic demand, we observed CD4+ T cells isolated 
from late lactation and dry cows have an ability to increase glycolysis even though their 
glycolytic reserve is similar to those cells isolated from cows during mid and late lactation. 
We attribute this rapid influx of glucose to differing levels of metabolic regulation. 
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Metabolism is a highly regulated process because it orchestrates an intricate and dynamic 
process, involving nutrient uptake to the regulation of bioenergetic signaling and machinery. 
To further understand the functional capacity of bovine CD4+ T cells during differing stages 
of lactation, we examined gene expression and cytokine production. We showed that 
lactation groups who paired together at the protein level and shared a similar metabolic 
phenotype, did not necessarily exhibit similar gene expression (Fig. 2-14A, Supp. Fig. 2-17, 
2-18). A recent study in human T cells show translational machinery as a key facilitator in T 
cell metabolic reprogramming (Ricciardi et al., 2018). In corroboration with data from other 
researchers (Tan et al., 2017), our results showed that mRNA expression is a poor indicator 
of the changes in metabolism occurring at the protein level during T cell activation. Relying 
on the machinery involved in translation and posttranslational modifications, could allow a 
more rapid response in rewiring metabolism of T cells exiting their quiescent state (Klein 
Geltink et al., 2018). 
Along with aerobic glycolysis and GAPDH playing a role in immunoregulation, there 
are other “RNA-enzyme-metabolite networks” that play a role in posttranslational 
modifications affecting immune function (Hentze et al., 2010). Metabolic genes, and those 
related to metabolism, were expressed at similar levels in CD4+ T cells from dry and mid-
lactation cows. However, cytokine mRNA expression presented a similar signature to what 
was observed at the protein level. In Figure 2-14A, we show that GAPDH is more highly 
expressed in CD4+ T cells from dry cows, and to a lesser extent in cells from mid and late 
lactation, with even less in cells from early lactation. GAPDH, as mentioned above, 
translationally regulates IFN-γ by binding to the AU-rich elements in the 3’ UTR (Chang et 
al., 2013). In contrast, LDHA increases IFN-γ expression independent of 3’ UTR (de Manuel 
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et al., 2016). While both GAPDH and LDHA regulate IFN-γ during translation. T-Bet, while 
commonly known as a Th1 subset transcription factor, additionally has a role in promoting 
IFN-γ at the transcriptional level (Siska et al., 2016). Furthermore, during activation there is 
an increase in glucose entering the cell. Because of this, HK2 (hexokinase II), the first step of 
glycolysis in which glucose is phosphorylated and thus trapped in the cell, is increased (Cao 
et al., 2014). Despite its role in glycolysis and activation, hexokinase II is dispensable for 
early-TCR engagement as cells exit the quiescent state (Tan et al., 2017). 
With these factors working in a coordinated fashion during activation and glucose 
influx, mRNA expression of IFN-γ, shows a similar mRNA expression pattern to its protein 
expression (Fig. 2-14C). CD4+ T cells from dry and late lactation cows had similar cytokine 
gene expression levels, which fit well with data on protein levels. It is possible mid-lactation 
cows have mechanisms in place to dampen glycolytic protein expression and as a result, 
decrease IFNγ production. Gene expression from early lactation cows was most different 
from other groups. The coordinated effort between transcription factors and signaling 
molecules affect T cell biology during activation. Lactation stage may impact regulation of 
translation and post-translational modifications. Thus, further research is required to 
understand how stage of lactation impacts the complex balance between protein expression 
of these transcription factors and signaling molecules during CD4+ T cell 
immunometabolism. 
Conclusions 
Changes observed in the immune system of early lactation cows compared to dry 
cows has been attributed to physiological imbalance (Ingvartsen et al. , 2013), negative 
energy balance (Schwarm et al., 2013), hormones (Ingvartsen et al., 2015), and milk 
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production (Eger et al., 2016). We were interested in the impact of lactation stage on CD4+ T 
cell immunometabolism. Our data suggest that altered metabolic function of activated CD4+ 
T cells isolated from early lactation cows may contribute to the increased susceptibility of 
these cows to infection, as a result of reduced function of their activated CD4+ T cells. 
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Supplementary Figures 
Supplementary Table 2-2. XF Cell Mito Stress Test Parameters Values used are 
calculated from reported oxygen consumption rate (OCR) in pmol O2/min and are the 
average of three measured points within a group to calculate each specific parameter. 
Parameter Rate Measurement Equation Used by Report Generator 
Basal (Last rate measurement before first injection)- (Non-
Mitochondrial Respiration Rate) 
H+ (Proton) Leak (Minimum rate measurement after Oligomycin injection)- (Non-
Mitochondrial Respiration) 
Maximal Respiration (Maximum rate measurement after FCCP injection)- (Non-
Mitochondrial Respiration) 
ATP Production (Last rate measurement before Oligomycin injection) –(Minimum 
rate measurement after Oligomycin injection) 
Spare Respiratory Capacity (Maximal Respiration)-(Basal Respiration) 
 
Supplementary Figure 2-15. Graphical representation of mitochondria stress test 
parameter calculations 
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Supplementary Table 2-3 XF Glycolysis Stress Test Parameters Values are calculated 
from the reported Extracellular Acidification Rate (ECAR) in mpH/min and are the average 
of three measured points within a group to calculate each specific parameter. 
Parameter Rate Measurement Equation Used by Report Generator 
Glycolysis (Maximum rate measurement before Oligomycin injection)- 
(Last rate measurement before Glucose injection) 
Glycolytic Capacity (Maximum rate measurement after Oligomycin injection)- 
(Last rate measurement before Glucose injection) 
Glycolytic Reserve (Glycolytic capacity)- (Glycolysis) 
Non-glycolytic acidification Last rate measurement prior to Glucose injection 
 
 
Supplementary Figure 2-16. Graphical representation of glycolytic stress test 
parameter calculations 
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Supplementary Figure 2-17. mRNA expression patterns of metabolic-associated 
molecules in CD4+ T cells from lactating and dry cows. 
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Supplementary Figure 2-17. Continued. 
mRNA expression of enzymes and receptors associated with metabolic activities were 
analyzed independently and hierarchically clustered by average linking and Pearson’s 
distance measurement by the log2 relative
 expression from qPCR (A). (B) Pairwise Pearson’s 
correlation plot of the lactation groups (Pearson correlation coefficient 0.7059-1 for all 
lactation stages). (C) Radar plots of the magnitude of gene expression by lactation stage. (D) 
Radar plot of the distrubution of individual gene expression calculated for metabolism. The 
length of a spoke is proportional to the magnitude of that particular gene in each stage of 
lactation (E) Radar plot of the distrubution of gene expression calculated by metabolism. In 
(E) the length of a spoke is proportional to the magnitude of metabolic pathways. Dry and 
mid lactation have the highest levels of mRNA encoding for genes involved in metabolism 
 
Supplementary Figure 2-18. mRNA expression patterns of intracellular signaling in  
CD4+ T cells from lactating and dry cows. 
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Supplementary Figure 2-18. Continued. 
mRNA expression of proteins involved in signaling associated with metabolic activities were 
analyzed independently and hierarchically clustered by average linking and Pearson’s 
distance measurement by the log2 relative
 expression from qPCR (A). (B) Pairwise Pearson’s 
correlation plot of the lactation groups (Pearson correlation coefficient 0.5159-1 for all 
lactation stages). (C) Radar plots of the magnitude of gene expression by lactation stage. (D) 
Radar plot of the distrubution of individual gene expression calculated for metabolism. The 
length of a spoke is proportional to the magnitude of that particular gene in each stage of 
lactation (E) Radar plot of the distrubution of gene expression calculated by metabolism. In 
(E) the length of a spoke is proportional to the magnitude of metabolic pathways. Dry and 
mid lactation have the highest levels of mRNA encoding for genes involved in signaling 
associated with metabolism. 
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Supplementary Figure 2-19. mRNA expression patterns of cytokines in CD4+ T cells 
from lactating and dry cows.  
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Supplementary Figure 2-19. Continued.  mRNA expression of cytokines were analyzed 
independently and hierarchically clustered by average linking and Pearson’s distance 
measurement by the log2 relative
 expression from qPCR (A). (B) Pairwise Pearson’s 
correlation plot of the lactation groups (Pearson correlation coefficient 0.8423-1 for all 
lactation stages (C) Radar plots of the magnitude of gene expression by lactation stage. (D) 
Radar plot of the distrubution of individual gene expression calculated for cytokine 
production. The length of a spoke is proportional to the magnitude of that particular gene in 
each stage of lactation (E) Radar plot of the distrubution of gene expression calculated by 
metabolism. In (E) the length of a spoke is proportional to the magnitude of cytokine 
production. Dry and late lactation have the highest levels of mRNA encoding for genes 
involved in signaling associated with metabolism 
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CHAPTER 3.    EX VIVO ACTIVATED CD4+ T CELLS FROM YOUNG CALVES 
EXHBIT TH2-BIASED EFFECTOR FUNCTION WITH DISTINCT METABOLIC 
REPROGRAMMING COMPARED TO ADULT COWS 
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Abstract 
Young calves are a population more susceptible to infection, which is especially true 
when maternal passive immunity-effects diminishes, and young calves have to rely on their 
own developing immune system for protection against pathogens. Typically, during infection 
in the young, T cell-mediated responses skew towards a Th2 phenotype and exhibit a reduced 
effector response. Our study examines the implications this transitional period of 
immunocompetency has on cellular metabolism in young calves, focusing on effector 
function of CD4+ T cells in comparison to those from adult cows. Results from sorted CD4+ 
T cells from young calves and adult cows activated by α-CD3:α-CD28, show that young 
calves exhibit a greater propensity to produce the Th2 cytokine, IL-4, in comparison to IFN-γ 
(*p<0.05). Overall, CD4+ T cells from calves produce lower levels of cytokines compared to 
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cells from adult cows. Concomitantly, cells from young calves and adult cows show similar 
activation-induced cell surface marker expression. Metabolically, activated CD4+ T cells 
from young calves show greater utilization of both mitochondrial respiration, measured by 
oxygen consumption rate (OCR), and aerobic glycolysis, measured by extracellular 
acidification rate (ECAR). Further, CD4+ T cells from young calves have increased mRNA 
expression of genes associated with specific pathways of metabolism and metabolic signaling 
in comparison to adult cows. The distinct metabolic phenotype and associated gene 
expression in activated CD4+ T cells may be intrinsic drivers of the Th2-biased response by 
young calves. However, the increased proportion of CD4+ RTEs in young calves may 
contribute to the altered effector function as well. 
Keywords: 
Young calves, adult cows, CD4+ T cells, mitochondrial respiration, aerobic glycolysis, 
effector function 
Abbreviations: 
OCR- Oxygen Consumption Rate; ECAR- Extracellular Acidification; FCCP- Carbonyl 
cyanide-4-phenylhydrazone; sjTRECs- signal joint T cell receptor excision circles, RTEs- 
recent thymic emigrants; MN T cells; mature naïve T cells; NEFA- non-esterified fatty acids 
 
Introduction 
Born with a functional, but less educated immune system in relation to adults, young 
animals are a population more susceptible to infection. Young animals experience dampened 
T cell-mediated immunity in their first few months of life, typically skewed towards a less 
pro-inflammatory Th2 response. A bias towards a Th2 immune response could be 
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detrimental in responding to Th1-mediated infections such as respiratory viruses and 
intracellular bacteria (1,2). Further, measurable antibody production post-infection or 
vaccination at this age is negligible. However, skewing towards a Th2 response prevents the 
potential of increased immunopathology caused by uncontrolled inflammation due to self-
antigen exposure during a period of reduced T regulatory cells (Tregs) circulating in 
peripheral blood (3).  
By 6-8 weeks of age vaccine protocols have shown to provide protection, even when 
delivered at 2-5 weeks of age followed by a booster later (2,4). Additionally, at 6-8 weeks of 
age maternal antibodies are waning and maternal cells passed from colostrum should have 
limiting effects (5), allowing calves to rely on their own functional immune system (4,6). At 
the time young calves are developing their active immunity, they have the capability to 
mount a productive cell-mediated immune response and by 6-8 weeks of age have increased 
B cells in circulation (7,8). Nevertheless, the percentages of mature immune cell populations 
in the calf do not reach adult levels until 7-8 months of age (1,7,9,10).  
As the age of the calf increases so does the percentage of mature naïve CD4+ and 
CD8+ T cell populations. In the young calf though, a population of single positive T cells that 
have just exited the thymus are circulating through the periphery and lymphoid organs. It 
takes approximately three weeks until these cells appropriately named, recent thymic 
emigrants (RTEs) completely mature, if similar to the maturation of neonatal murine T cells 
(11,12). In cattle, RTEs are identified using real-time PCR to quantify signal joint T cell 
receptor excision circles (sjTRECS) (13), a method described in many species including 
humans (14) and chickens (15). sjTRECS are excised DNA fragments from the TCR-α chain 
rearrangement (16) and are not-integrated into the genome.   Therefore, sjTRECs are reduced 
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with each cell division, since only one daughter cell acquires the sjTREC, and can be used as 
a measure of thymic output (17). The percentage of RTEs (sjTRECs) gradually declines with 
the increasing age of the calf. The highest percentage of sjTRECs in calves is in the first 3-4 
weeks of age but doesn’t reach adult levels until 7-8 months of age (12). The relevance of 
RTEs to the CD4+ T cell response in the calf is that they are functionally and metabolically 
distinct in comparison to mature naïve T cells. In addition, they have an increased propensity 
to differentiate into Tregs (18), but can also polarize toward a Th2 phenotype under the right 
conditions (3). There is a huge gap in the literature defining the roles of RTEs in cattle due to 
a paucity of techniques to identify them for functional studies. However, it is likely RTEs 
play a contributory role in driving the differentiation fates of Th cells causing the dampened 
immune response in young calves. 
To further distinguish RTEs and mature naïve (MN) T cells, it has been shown that 
RTEs elicit weak production of IFN-γ, IL-2, and IL-4 as well as decreased glycolysis and 
mitochondrial respiration upon activation (19–22). Alternatively, mature naïve T cells in the 
resting state favor mitochondrial respiration and fatty acid oxidation (23). Upon activation, 
MN CD4+ T cells exhibit a substantial increase in glycolysis in the presence of an oxygen 
rich-environment (24). This is termed the ‘Warburg effect,’ first described in cancer cells, 
and is now widely recognized as a sign of activation in many immune cells, including CD4+ 
T cells (25). Previous studies in cattle have shown an increase in mitochondrial respiration 
and a dramatic increase in aerobic glycolysis in activated CD4+ T cells due to altered 
physiological states, including post-parturition (26) and lactation stage (Eder et al., submitted 
for publication). The increase in both well-known energy pathways are important for 
cytokine production and cell cycle progression during activation.  
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Previous studies in mice have described modulation in cellular metabolism between 
RTEs and MN T cells in adult mice (22,27) and functional differences between RTEs and 
MN T cells from both adult and neonatal animals. Furthermore, RTEs from neonates are 
functionally distinct from adult RTEs, producing more IL-2, IL-4, and IFN-γ in vitro (28). 
Studies to evaluate cellular metabolism between young and adults has not been performed in 
outbred species. In this study, we investigate differences in effector function of CD4+ T cells 
from young calves and adult cows, the indirect contribution of RTEs, as well as evaluate the 
modulation of cellular metabolism between the age groups. Our results suggest development 
of the CD4+ T cell population in the animal impacts the immunometabolism of the cell and is 
coupled to the effector function during activation. 
 
Materials and Methods 
Animals 
Blood samples were collected from four healthy Holstein calves, 6-8 weeks of age, 
and three healthy adult Holstein cows from the National Animal Disease Center (NADC). 
NADC Institutional Animal Care and Use Committee approved all protocols.  
Blood Mononuclear Cell and Serum collection 
60 mL of peripheral blood was collected from each cow and calf animal by a 1:10 
dilution of 2X acid citrate dextrose (ACD) in two 30 mL tubes by jugular venipuncture. One 
serum tube was also used for serum collection. Serum was centrifuged at 2000 rpm for 10 
minutes, aliquoted, and stored at -80°C until further analysis.  
125 
PBMC isolation and CD4+ T cell enrichment  
Blood samples were diluted with room temperature PBS and centrifuged at 2000 rpm 
for 20 minutes. Buffy layer was collected and added to a new tube and washed once with 
PBS at 1500 rpm for 30 minutes. Cells were washed two more times with PBS and then 
sorted based on CD4+ expression. CD4+ T cells were sorted by positive selection using α-
CD4 (WSU, clone: ILA11A), MACs IgG2a+b beads (Miltenyi Biotec #130-047-201) and LS 
MACS columns (Miltenyi Biotec #130-042-401) according to manufacturer’s instructions. 
Purity of CD4+ T cells was >90%. Cells were washed with RPMI 1640 (ThermoFisher 
#22400-089) supplemented with 5% fetal bovine serum and an antibiotic-antimycotic.  
Cell culture 
CD4+ T cells (1x106 cells/ml) were cultured in RPMI media (as described above) at a 
pH of 7.45 and incubated at 37°C in 5% CO2 for 24 hr in a round bottom. To generate 
activated cells, CD4+ T cells were stimulated by plate-bound anti-CD3 (5μg/ml, WSU clone: 
MM1A) and soluble anti-CD28 (1ug/ml, WSU clone: TE1A). After 24 hr, cells were 
centrifuged and aliquoted for multiple assays described below. Cell culture supernatants were 
pooled from wells of each treatment and age group, aliquoted and stored at -80°C until 
utilized for cytokine production. 
Metabolic Assays 
Metabolic assays were performed using the XFe 96 Seahorse extracellular flux 
analyzer (Agilent Technologies). Cells were plated at 4.5x105 cells/well in 96-well plates 
coated with Cell Tak (Corning #354240). Final well concentrations for injections during the 
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Mito Stress Test (Agilent #103015-100) were as follows: Oligomycin 2μΜ, FCCP (Carbonyl 
cyanide-4-phenylhydrazone) 2μM, and Rotenone/Antimycin A 0.5μΜ. Culture media for the 
mitochondria stress test contained RPMI and 2mM glutamine without a buffer solution 
(Sigma #R1383), 10mM glucose (Sigma #S8636) and 1mM pyruvate (Sigma #G8769). Final 
well concentrations for injections during the Glycolysis Stress Test (Agilent #103020-100) 
were as follows: Glucose 10mM, Oligomycin 2μM, 2-Deoxyglucose 50mM. Culture media 
for the glycolysis stress test contained RPMI and 2mM glutamine without a buffer solution 
(Sigma #R1383), glucose, or pyruvate. Calculations for stress test parameters are detailed in 
supplementary figures (Supp. Fig. 3-28, 3-29). 
Flow cytometric analysis of mitochondria and activation markers 
Cell surface staining was completed on sorted CD4+ T cells. Briefly, 2x105 cells were 
washed with PBS and incubated with Live/Dead stain (ThermoFisher #65-0865-14) for 30 
minutes at 4°C. Cells were washed and incubated with primary antibodies: anti-CD3 (WSU, 
IgG1 clone: MM1A), anti-CD4 (WSU, IgG2a, clone: IL11A) for 15 minutes at room 
temperature. Cells were washed and incubated in the dark for 15 minutes with the following 
secondary antibodies: anti-IgG1 AF350 (ThermoFisher #A21120); anti-IgG2a PE 
(Biolegend, clone: RMG2a-62 #407108). To determine mitochondrial mass, cells were 
incubated for 20 minutes at room temperature in the dark with 25μM Mitotracker green 
(ThermoFisher #M7514). Cells were washed and ready to be analyzed. 
For flow cytometric analysis of activation by surface marker expression, cells were 
stained for CD3 and CD4 as mentioned previously, as well as with primary antibody α-CD25 
(WSU, IgG3 clone: LCTB2A) followed by secondary antibody anti-IgG3 AlexaFluor 488 
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(Thermofisher #A-21151). Cells were washed and then stained with directly conjugated 
CD44-APC/Cy7, clone: IM7 (Biolegend #103027), and directly-conjugated CD62L-PE/Cy5 
clone: DREG-56 (Biolegend #304808) for 15 min at room temperature. Cells were washed 
and run directly on the flow cytometer. 
Cells were analyzed using a Becton Dickinson LSR II flow cytometer (Becton, 
Dickinson and Company, Franklin Lakes, NJ, USA). 30,000 events were collected per 
treatment per animal and gated on CD3+ CD4+ live cells to analyze mitochondrial mass and 
activation markers on cells from the calf and cow. Data were evaluated with FlowJo software 
(FlowJo, LLC, Ashland, OR, USA). 
Realtime PCR 
To analyze mRNA expression, as well as genomic DNA for determining 
mtDNA/nDNA ratios, an Allprep RNA/DNA/Protein mini kit (Qiagen #80004) was used to 
extract RNA and DNA. RNA was used to transcribe single-stranded cDNA using Random 
primers (ThermoFisher #48190-011) and dNTP mix (Thermofisher #18427-088). 5x First 
Strand Buffer, 0.1M DTT, and Superscript Reverse Transcriptase (ThermoFisher #18080-
044) were added as per manufacturer’s instructions to complete the reaction. cDNA was 
added to a master mix of the respective primers with DNase and RNase free water as well as 
Power SYBR green PCR master mix. (ThermoFisher #4367659) and reactions were 
performed on the QuantStudio 5 (ThermoFisher Scientific, Waltham, MA, USA). Cycling 
conditions were as follows: 50°C for 2 min, followed by 95° for 10 min, 40 cycles of 95°C 
for 15 sec and 60°C for 1 min, and then a dissociation step 95° for 15 sec, 60°C for 1 min, 
95°C for 1 sec. Relative gene expression levels of mRNA were determined using the 2-ΔΔCT 
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method with RPS9 as the reference housekeeping gene. List of primers used can be found in 
Table 3-4. 
Table 3-4. Comprehensive list of primer sequences of genes used for qPCR 
  Genea Primer sequences (5'-3') Accession # Source 
T
ra
n
sp
o
rt
er
s 
INSR 
Fwd: TCCTCAAGGAGCTGGAGGAGT  
XM_590552 (86) 
Rev: GCTGCTGTCACATTCCCCA 
GLUT1 
Fwd: GTGCTCCTGGTTCTGTTCTTCA 
NM_174602 (87) 
Rev: GCCAGAAGCAATCTCATCGAA 
GLUT3 
Fwd: GCCGCCGATAGAGGACATTT  
NM_174603.3  (88) 
Rev: ATGGCGAAGATCAGAGGTGC  
GLUT8 
Fwd: AGTGACTGCCCGTCCTTGCT 
NM_201528 (89) 
Rev: TGCTGTCCTGGCTCCTGACT 
S
ig
n
al
in
g
 m
o
le
cu
le
s MTOR 
Fwd: ATGTGCGAACACAGCAACAC 
XM_010823084.1 This paper 
Rev: CCTTTCACGTTCCTCTCCCC 
RICTOR 
Fwd: TGGCTCAATGCCTCTTCTGG 
XM_010816811.1 This paper 
Rev: TTGGAAAGGATGACCCTGGC 
RPTOR 
Fwd: AGCTTTGCACGTCTTTACGC 
XM_010816454.1 This paper 
Rev: GCAGCGACCTTGTTGAAGAC 
G
ly
co
ly
si
s 
M
et
ab
o
li
sm
 
HK2 
Fwd: AAGATGCTGCCCACCTACG  
XM_002691189  (89) 
Rev: TCGCTTCCCATTCCTCACA  
FBP1  
Fwd: CACCGAGTATGTCCAGAGGAAGA  
Bt.24314  (90) 
Rev: ACGTACCTGGCGCCATAGG 
GAPDH 
Fwd: CCTGCCCGTTCGACAGATA  
NM_001034034.1  (91) 
Rev: GGCGACGATGTCCACTTTG  
LDHA 
Fwd: GGCAAAGACTATAATGTGACAGCAA 
BC146210 (92) 
Rev: ACGTGCCCCAGCTGTGA 
PDHA1 
Fwd: CAGTTTGCTACTGCTGATCCTGAA 
NM_001101046 (92) 
Rev: AGGTGGATCGTTGCAGTAAATGT 
F
at
ty
 A
ci
d
 
M
et
ab
o
li
sm
 
CPT1A 
Fwd: TCGCGATGGACTTGCTGTATA 
NM_001034349 This paper 
Rev: CGGTCCAGTTTGCGTCTGTA 
ACSS2  
Fwd: ACCCAAGGGCGTGTTACACA  
Bt.29433  (90) 
Rev: TCCTCCGCATGAAAGTCAAAC  
M
it
o
ch
o
n
d
ri
al
 
F
is
si
o
n
 FIS1 
Fwd: CTGAACGAGTTGGTGTCTGT 
NC_037352.1  This paper 
Rev: CTTTACGGATGTCGTCGTTG 
DNM1L 
Fwd: TGACCCTGCTACATGGAAAA 
NC_037332.1 This paper 
Rev: GTCATTCCTGGCAAATCCAC 
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Table 3-4 Continued. 
  Genea Primer sequences (5'-3') Accession # Source 
M
it
o
ch
o
n
d
ri
al
 F
u
si
o
n
 
MFN1 
Fwd: TGCTGTAACCACAAAGGAGT 
NC_037328.1  This paper 
Rev: CTGTCAGGATGGCAAAAGTG 
MFN2 
Fwd: GGCTAGGAAGGTGAAGTAAC 
NC_037343.1  This paper 
Rev: AGGGTAGGCATCATGAACAC 
OPA1  
Fwd: ACTTTTTCACCACAGGTTCAC 
NM_001192961.1 This paper 
Rev: TGCTCTTGAATTTGCTGTTGT 
C
y
to
k
in
es
 
IL10 
Fwd: TTACCTGGAGGAGGTGAT 
NM_001009327.1 (97) 
Rev: GTTCACGTGCTCCTTGAT 
TNFA 
Fwd: CGGGGTAATCGGCCCCCAGA 
NM_173966.3  (97) 
Rev: GGCAGCCTTGGCCCCTGAAG 
IFNG 
Fwd: AGAATCTCTTTCGAGGCCGGAG 
NM_174086.1 (97) 
Rev: TATTGCAGGCAGGAGGACCATTAC 
T
ra
n
sc
ri
p
ti
o
n
 F
ac
to
rs
 a
n
d
 r
eg
u
la
to
rs
  
GATA3 
Fwd: AACCGGGCATTACCTGTGTA 
NM_001076804.1 (96) 
Rev: AGGACGTACCTGCCCTTCTT 
TBET 
Fwd: CCTGGACCCAACTGTCAACT 
NM_001192140.1 (96) 
Rev: GGTAGAAACGGCTGGAGATG 
FOXP3 
Fwd: CACAACCTGAGCCTGCACAA 
NC_037357.1 This paper 
Rev: TCTTGCGGAACTCAAACTCATCC 
CMYC 
Fwd: TAGTAATTCCAGCGAGAGGC 
NC_037341.1 This paper 
Rev: TTTGACTCCGGATCTCCCTT 
HIF1A 
Fwd: GCTTTAACTTTGCTGGCCCC 
NM_174339.3 This paper 
Rev: TCTCTGTGTCATTGCTGCCA 
R
T
E
 M
ar
k
er
s 
KLF2 
Fwd: GCACGCATACAGGCGAGAAG 
NC_037334.1  This paper 
Rev: ACCAGTCACAGTTTGGAAGGG 
S1PR1 
Fwd: TGAGCCAGGCTGTGGTTTC 
NM_001013585.4 This paper 
Rev: AGGAGAGAGATCCAGGCGTT 
m
tD
N
A
  
COX1  
Fwd: GTTTCATCGTATGAGCCCACCA 
NC_006853.1  (93) 
Rev: AGTGGCTGATGTGAAGTAGGC 
n
D
N
A
 
ACTB 
Fwd: CGGCATCGAGGACAGGAT 
NM_173979.3  (94) 
Rev: CATCGTACTCCTGCTTGCTGAT  
H
K
G
b
 
RPS9 
Fwd: GTGAGGTCTGGAGGGTCAAA 
NM_001101152.2 (95) 
Rev: GGGCATTACCTTCGAACAGA 
a INSR Insulin receptor; GLUT1 SLC2A1 glucose transporter 1; GLUT3 SLCA23 glucose 
transporter 3; GLUT8 SLC2A8 glucose transporter 8; MTOR mammalian/mechanistic target of 
rapamycin; RICTOR RPTOR Independent Companion of MTOR Complex 2; RPTOR Table 3-4 
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Table 3-4. Continued.  
Regulatory-associated protein of mTOR; HK2 hexokinase II; FBP1 Fructose-1,6-bisphosphatase 
1; GAPDH Glyceraldehyde 3-phosphate dehydrogenase; LDHA Lactate dehydrogenase isoform 
a; PDHA1 Pyruvate dehydrogenase lipoamide α 1; CPTA1 carnitine palmitoyltransferase 1A; 
ACSS2 Acyl-CoA synthetase short-chain family member 2; FIS1 Mitochondrial fission 1 protein; 
DNM1L Dynamin-1-like protein; MFN1 mitofusin 1; MFN2 mitofusin 2; OPA1 optic atrophy 1; 
IL-10 Interleukin 10; TNFA Tumor necrosis factor alpha; IFNG Interferon gamma; GATA3 Gata 
binding protein 3; TBET T-box transcription factor;FOXP3 Forkhead box P3; HIF1A Hypoxia 
inducible factor 1 subunit a; KLF2 Kruppel like factor 2; S1P1R Sphingosine-1-phosphate 
receptor 1; COX1 Cytochrome c oxidase subunit 1; ACTB β-actin; RPS9 Ribosomal protein S9  
b HKG-housekeeping gene 
Quantification of signal joint T cell Receptor Excision Circles 
MACS-sorted CD4+ T cells were cultured for 24 hr in conditions described above. 
DNA was extracted using the AllPrep RNA/DNA/Protein mini kit (Qiagen #80004) to 
determine the relative quantification of sjTRECs between calf cells and cow cells. Real-time 
PCR was used to determine relative quantification of sjTREC between CD4+ T cells from 
calves and cows by amplifying the signal joint region in the sjTREC, only amplifying it in its 
circular form and not germline sequence (13). The PCR mixture contained 1x TaqMan Gene 
Expression Master Mix (Applied Biosystems #4369016) with bovine sjTREC QPCR primers 
(900nM of each primer) Forward  primer Q-δrec: 5’-GAGCAGACAGAGCACAGCGAC-3 
and Reverse primer Q-ψJα : 5’-TGCCACATCCCTTTCAACCAC-3’ ’ and the TaqMan 
probe (250nM) 5’-CACAGGAGTGAACACCTTTACA-MGB-3’ as previously described 
(13) and 30ng of genomic DNA. δrec and ψJα are the deleting elements of the nested δ-
region within the TCR-α locus and produce the sjTREC. Amplification conditions were as 
follows: 95°C for 10 min followed by 40 cycles of 95°C for 15 seconds and 65°C for 30 
seconds using a QuantStudio 5 (ThermoFisher Scientific, Waltham, MA), and were 
normalized to housekeeping gene RPS9. 
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Cytokine protein expression quantification 
Supernatants were collected from wells of resting and activated cells from calf and 
cow samples and pooled. Aliquots were stored at -80°C ready for use in multiplex array 
plates-as previously described (29). Briefly, IFN-γ, IL-4, (Aushon Biosystems, Quanterix 
#100-888-1-AB) and TNF-α (Aushon, # 100-202-1-AB) concentrations were determined 
following manufacturer’s instructions using the Ciraplex™ immunoassay kits, a multiplex 
sandwich ELISA on a 96- well microplate pre-spotted with protein-specific antibodies 
(Aushon Biosystems, now Quanterix). Plates were read on the Cirascan™ Imaging System 
and cytokine concentrations were determined using the Cirasoft™ Analysis Software 
(Quanterix, Aushon Biosystems, Billerica, MA). 
Statistics 
Data analysis was performed using GraphPad Prims 8 (Graphpad Software Inc, San 
Diego, CA). Comparison between two groups were analyzed by unpaired two-tailed t-test. 
Multiple groups were compared by two-way ANOVA followed by Tukey’s multiple 
comparison test. The change between unstimulated and stimulated groups for the parameters 
calculated for mitochondria and glycolytic stress test were analyzed by unpaired one-tailed t-
test. mRNA was expressed by 2-ΔΔCT method. Pearson correlation was used to calculate the 
correlation coefficient matrices. *p<0.05 were considered significant, **p<0.01 and 
***p<0.001. Error bars indicate SEM.  
  
132 
Results 
 Pre-prandial measurement of serum glucose, insulin and NEFA to establish energy 
balance 
In cattle, age-dependent changes in glucose and insulin occur and indicate a lack of 
metabolic control in the young calf (30). Hyperglycemia, hyperinsulinemia, glucosuria, or 
insulin resistance is not uncommon to be seen in the young calf (31,32) which can affect 
signaling networks in the CD4+ T cells. For instance, human studies show overexpression of 
glucose can lead to an increased pro-inflammatory response inducing oxidative stress (33) or 
increased levels of insulin which can impair Akt signaling in Tregs, reducing their 
suppressive function (34). To establish data on energy balance and metabolic homeostasis 
within the sampled animals, serum glucose, insulin, and NEFA concentrations were 
measured. Glucose concentrations were similar between young and adult animals (Figure 3-
20A); however, age-specific differences in fasting animals was observed in insulin 
concentrations (*p<0.05) (Figure 3-20B). Negative energy balance can lead to 
immunosuppression with increased lipid mobilization as indicated by high concentrations of 
non-esterified fatty acids (NEFAs) in circulation. NEFA concentrations were lower in the 
serum from the calf than the cow (*p<0.05) (Figure 3-20C). Given animals were bled pre-
prandial, concentrations of all blood serum components appear within the published normal 
physiological range (31,35). 
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Figure 3-20. Concentrations of glucose, insulin, and NEFA in serum samples from 
young calves and adult cows. Morning pre-prandial blood samples from calves (6-8 weeks 
of age, n=4) and cows (≥5 years of age, n=3) were collected into serum separation tubes. 
Commercially available kits were performed using serum samples from calves and cows to 
determine glucose, insulin, and non-esterified fatty acids (NEFAs) concentrations. Data 
shown are mean ± SEM. P values were determined using a two-tailed t-test. *p<0.05, 
**p<0.01 
Effector function during activation of CD4+ T cells from young calves compared to 
adult cows  
The young calf is exposed to numerous environmental stressors- including weaning 
and dietary changes, pathogens and vaccination in its early life, however limited studies have 
evaluated the effector function of CD4+ T cells at this critical time. Neonatal calves 
characteristically skew towards a Th2 phenotype (36), but the effector function of CD4+ T 
cells in calves around weaning is not well elucidated. To characterize effector function, we 
first examined the expression of activation markers (CD25, CD62L, CD44) by flow 
cytometry to ensure the establishment of activation. CD4+ T cells from adult cows and young 
calves were stimulated with α-CD3:α-CD28 for 24 hours under nonpolarizing conditions. 
CD25, high affinity IL-2 receptor-α, trends upwards in activated CD4+ T cells of cows but is 
expressed at significantly higher levels by activated CD4+ T cells from calves (**p<0.01) in 
comparison to control cells (Figure 3-21A). CD62L, the peripheral lymph node homing 
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receptor was significantly reduced in activated CD4+ T cells from cows and calves (Figure 3-
21B) as expected, since it is shed upon activation. And lastly, though not significant, CD44, 
an adhesion model known to be increased in activated cells, trends upwards in expression in 
activated CD4+ T cells from cows and calves (Figure 3-21C), and perhaps needs more time 
during the activation period to reach expression levels significantly increased compared to 
unstimulated controls. In agreement with ex vivo studies by Foote et al. (9), we did not 
observe differences in surface markers expression between activated CD4+ T cells from adult 
cows and young calves. 
 
Figure 3-21. Expression of cell surface molecules on CD4+ cells isolated from young 
calves or adult cows. CD4+ T cells sorted from peripheral blood mononuclear cells of calves 
(6-8 weeks of age, n=4) and cows (≥5 years of age, n=3) were activated for 24 hours with 
plate-bound CD3 (5μg/ml) and soluble CD28 (1μg/ml). Expression of activation molecules 
were determined on gated CD3+CD4+ T cells. Histograms shown are representative of each 
age and treatment group. (CD3:CD28 calf, black line; CD3:CD28 cow, dotted line; Control 
calf, light grey line; Control cow, dark grey line). Flow cytometry plots and corresponding 
geometric mean fluorescent intensity (geoMFI) graphs show surface molecule expression 
from stimulated CD4+ cells (black bars) and unstimulated CD4+ cells (white bars) of (A) 
CD25, (B), CD62L, (C) CD44. Data shown are mean ± SEM of the geoMFI and was  
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Figure 3-21. Continued. 
analyzed using a two-way ANOVA with Tukey’s multiple comparison test. (exception: 
CD62L from calves n=2).  
With activation markers expressed at similar levels in the young calf as the adult cow, 
we investigated differential effector function as determined by cytokine production via 
mRNA and protein expression. mRNA expression of cytokines elicited during activation was 
evaluated and we show IFNG to be expressed at a much lower level in CD4+ T cells from 
calves than cows (*p< 0.05) (Figure 3-22A). Similarly, we show TNFA mRNA expression to 
be slightly upregulated in activated CD4+ T cells from cows but downregulated in activated 
CD4+ T cells from calves (**p<0.01) (Figure 3-22B). In agreement with mRNA expression 
data, protein concentration of IFN-γ is produced at a much greater level from activated cow 
CD4+ T cells than from calf cells (*p<0.05) and unstimulated cells from both age groups 
produced negligible amounts of IFN-γ (Figure 3-22C). Only activated CD4+ T cells from 
cows produced measurable amounts of TNF-α (Figure 3-22D) and like mRNA expression 
from calves, negligible amounts were produced by both stimulated and unstimulated cells. 
Additionally, we show IL-4 production by stimulated CD4+ T cells from the cow is much 
greater than that produced by stimulated CD4+ T cells from the calf (**p<0.01) (Figure 3-
22F). However, because calves are reported to skew Th2 and IL-4 is a Th2 cytokine, we 
calculated the ratio between the production of IFN-γ to IL-4. As expected, activated CD4+ T 
cells from calves have a decreased IFN-γ:IL-4 ratio(p<0.05) (Figure 3-22E) fitting with the 
idea young calves have a greater proclivity to polarize towards Th2 than adult cows. 
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Figure 3-22. Cytokine expression from bovine CD4+ T cells. Calf (n=4) and cow (n=3) 
CD4+ T cells were stimulated with anti-CD3:CD28 or unstimulated for 24h. Real-time PCR 
was used to analyze expression of cytokines using the 2-ΔΔCT method for (A) IFNG and (B) 
TNFA. Concurrently, cell culture wells were pooled to collect supernatants after the 24h 
incubation and were used to determine the concentration by multiplex immunoassays of 
secreted cytokines (C) IFN-γ, (D) TNF-α, and (Ε) IL-4. All data shown are the mean ± SEM. 
(A,B) were analyzed by t-test using ΔΔCT values, *p<0.05, **p<0.01. (C) were analyzed by 
a two-tailed t-test, *p<0.05. (E) was analyzed by a two-way ANOVA with Tukey’s multiple 
comparison test. **p<0.01, *p<0.05. 
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Energetic phenotype of activated CD4+ T cells from young calves compared to adult 
cows  
Cellular metabolism has been shown to affect the effector function of CD4+ T cells, 
including roles for both mitochondria respiration and aerobic glycolysis. For instance, 
mitochondria help induce the activation of CD4+ T cells through regulation of mitochondrial 
ROS production, which is needed for intracellular signaling (37). Additionally, enzymes 
involved in aerobic glycolysis (i.e. GAPDH and LDHA) regulate the expression of cytokines 
like IFN-γ and TNF-α (38,39). To determine the role cellular metabolism plays in the 
dampened effector response of calf CD4+ T cells, we activated them for 24 hours with α-
CD3:α-CD28 and assessed their mitochondrial and glycolytic function. Characteristic 
metabolic reprogramming termed the “Warburg effect” is observed in several immune cells 
and occurs by cells “switching” from primarily relying on oxidative phosphorylation and 
fatty acid oxidation to increased utilization of aerobic glycolysis. Taking the ratio of oxygen 
consumption rate (OCR), the measurement for oxidative phosphorylation, and extra cellular 
acidification rate (ECAR), the measurement indicative of glycolysis, the data provide 
evidence for the preferred energetic pathway. In Figure 3-23A, activated CD4+ T cells from 
adult cows clearly “switch” or reprogram to favor aerobic glycolysis with a decrease in 
OCR/ECAR, as has been established for mature individuals of other species. However, 
activated CD4+ T cells from calves do not exhibit the characteristic reprogramming. Instead, 
control cells in a resting state and activated CD4+ T cells from calves exhibit a similar 
OCR/ECAR ratio. 
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Activation-induced metabolic reprogramming in activated CD4+ T cells from young 
calves and adult cows 
Interestingly, activated CD4+ T cells from calves do not undergo the typical 
metabolic switch from mitochondrial respiration to an upregulation of aerobic glycolysis, 
exhibited clearly by cells from the adult cow. Instead, activated CD4+ T cells from calves are 
shown increasing basal levels of both mitochondrial respiration (Figure 3-23B) and 
glycolysis (Figure 3-23C), similar to activated CD4+ T cells from cows. However, the change 
from a resting state to an activated state by both mitochondrial respiration and glycolysis 
observed in CD4+ T cells from calves was greater than observed in CD4
+
 T cells from cows. 
Because there was greater increase in both energetic pathways, the overall OCR/ECAR ratio 
in calves was unchanged (Figure 3-23A). CD4+ T cells from the calf experience a greater 
increase in mitochondrial respiration, as indicated by the parameters in Figure 3-23D, than 
CD4+ T cells from the cow (*p<0.05). We found a greater increase in proton leakage from 
CD4+ T cells from the calf than from adult cow T cells (*p<0.05), as well as in maximal 
respiration (*p<0.05), and spare respiratory capacity (*p<0.05) (Figure 3-23D).  
Additionally, aerobic glycolysis is increased 24 hours post-activation as indicated by 
an increase in ECAR. The rate of glycolysis between resting and activated CD4+ T cells is 
greater in the calf than the cow (p<0.05). We show the change in glycolytic capacity 
(**p<0.01) and glycolytic reserve (*p<0.05) is much greater between resting and activated 
CD4+ T cells from calves than cells from cows (Figure 3-23E), as well. Taken together, CD4
+ 
T cells from calves have a greater increase in both major metabolic pathways going from the 
quiescent state to the activated state than CD4+ T cells from cows. Thus, these data are 
indicative of highly metabolically active CD4+ T cells in young calves. Additionally, this 
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could be indicative of differences in polarization preferences of T helper subsets from 
CD4+ T cells from adult cows and young calves. Given that in vitro mouse studies suggest 
Th2 cells have increased mitochondrial respiration and are more glycolytic than other 
effector T helper subsets (40,41), the metabolic reprogramming that occurs in activated CD4+ 
T cells from young calves could be contributing to the Th2-bias.
 
Figure 3-23. Metabolic reprogramming of activated CD4+ T cells from calves and adult 
cows. Peripheral blood CD4+ T cells were sorted from calves (6-8 weeks of age, n=4) and 
cows (≥5 years of age, n=3), activated for 24 hours with plate-bound CD3 (5μg/ml) and 
soluble CD28 (1μg/ml). Metabolic reprogramming was determined by the ratio of basal OCR 
and ECAR levels from unstimulated and stimulated CD4+ T cells from the calf and cow(A). 
Mitochondrial function was analyzed in real-time 24h post-activation using the Cell Mito 
Stress Test Kit using the Seahorse extracellular flux analyzer (B). Glycolytic activity was 
measured in real-time 24h post-activation using the Glycolysis Stress Test using the Seahorse 
extracellular flux analyzer (C). Calculated parameters from the Cell Mito Stress Test and 
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Figure 3-23. Continued.  
Glycolytic Stress Test kinetic graphs are shown in (D and E). Data shown in (A) are mean ± 
SEM analyzed using a two-way ANOVA and Tukey’s multiple comparison test, **p<0.01 
*p<0.05. Data shown in (D-E) are the mean ± SEM of the difference between stimulated and 
unstimulated cells from each age group and analyzed using a one-tailed t-test. **p<0.01 
*p<0.05. FCCP, carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone. 2-DG, 2-
deoxyglucose 
Mitochondrial mass effects on increased mitochondrial respiration 
Increased mitochondrial respiration is associated with activated T cells (42) and 
increased mitochondrial numbers in the cell (43). To determine whether an increase in 
mitochondrial mass or mitochondrial numbers contributed to the observed increase in 
mitochondrial respiration (Figure 3-23B), we used transmission electron microscopy to 
visualize mitochondrial morphology (Figure 3-24A), size (Figure 3-24B), and number of 
mitochondria per cell (Figure 3-24C) in activated CD4+ T cells. Despite the increase in 
mitochondrial respiration observed in activated CD4+ T cells from young calves, activated 
CD4+ T cells from adult cows, however, were the cells that exhibited a greater increase in 
mitochondrial size compared to CD4+ T cells from young calves. To further substantiate 
these results, we used a flow cytometric assay to stain mitochondria within the cell using 
Mitotracker green. We did not observe a significant difference between treatment or age 
groups (Figure 3-24D), consistent with the results shown for mitochondrial size and number 
per cell in activated CD4+ T cells (Figure 3-24B, C). Finally, as additional measurement of 
biogenesis, we compared mtDNA/nDNA ratio (Figure 3-24E) and found no significant 
differences between activated CD4+ T cells from young calves and adult cows. Based on  
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these results, we surmise that the increase in mitochondrial respiration observed by activated 
CD4+ T cells cannot be attributed to changes in mitochondrial mass due to size, number, or 
morphology. 
 
Figure 3-24. Mitochondrial mass of activated CD4+ T cells from adult cows and young 
calves. CD4+ T cells were sorted from peripheral blood mononuclear cells of young calves 
(6-8 weeks of age, n=4) and adult cows (≥5 years of age, n=3). Sorted CD4+ T cells were 
activated for 24 hours with plate-bound CD3 (5μg/ml) and soluble CD28 (1μg/ml). Cells 
were washed, pelleted and processed for electron microscopy to evaluate mitochondrial 
morphology between age groups and activation states (A), measure mitochondrion size (B), 
and number of mitochondria per cell. Data shown is the mean ± SEM from 8 images of 
randomly chosen regions per treatment group per animal, (calf n=4, cow n=3). Data were  
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Figure 3-24. Continued. 
assessed by a two-way ANOVA with Tukey’s multiple comparison test. *p<0.05. After 24h, 
stimulated and unstimulated cells were stained with mitotracker green (25μΜ) to assess 
mitochondrial mass by geometric MFI (geoMFI). (D). Data shown for (D) represents mean ± 
SEM of the ratio of stimulated to unstimulated cells by a two-tailed t-test.  
Transcriptional signatures of CD4+ T cells from the young calf and adult cow between 
activation states 
As shown in Figure 3-23C, activated CD4+ T cells from calves have comparable rates 
of glycolysis compared to activated CD4+ T cells from cows. However, glycolytic function is 
greater between resting and activated cells from calves than cows. Given that transcriptional 
regulators and enzymes of glycolysis regulate the function of CD4+ T cells, we investigated 
the differential expression of genes involved in or associated with metabolic signaling 
pathways. Overall, CD4+ T cells, from calves (Figure 3-25A) have a similar expression 
pattern as CD4+ T cells from cows (Figure 3-25B). mRNA expression is particularly 
increased in genes associated with enhanced glycolytic function (GAPDH, HK2, FBP1, 
HIF1A). Though, CD4+ T cells from calves have nearly a 4-fold increase in GAPDH 
expression over cow CD4+ T cells, 20-fold increase in HK2 expression over cow CD4
+
 T 
cells and LDHA expression is only increased in CD4+ T cells from calves (Figure 3-25A). Of 
note, cells from both calves and cows have over a 3.5-fold increase in FBP1 (fructose-1,6-
bisphosphatase-1) which could have a role in the increased CD25 expression in calves by 
inducing the hexosamine pathway. RPTOR expression is also increased in CD4+ T cells from 
calves compared to cows adding another piece to the induction of a Th2 biased effector 
response in the calf (44). mRNA expression only tells part of the story, but it could be 
plausible, based on the results of the metabolic assays in Figure 3-23C, calves are more 
143 
efficiently upregulating proteins involved in glycolysis to fuel Th2-driven effector functions 
and possibly, ancillary pathways, given this T helper subset has a greater dependency on 
glycolysis than other T helper subsets. 
 
Figure 3-25. Expression signatures of the metabolic network in activated bovine CD4+ T 
cells. Peripheral blood was used to isolate CD4+ T cells from calves (6-8 weeks of age, n=4) 
and cows (≥5 years of age, n=3). CD4+ T cells were activated for 24 hours with plate-bound 
CD3 (5μg/ml) and soluble CD28 (1μg/ml). Real-time PCR was used to determine mRNA 
expression. Radar plots show the expression signature induced by activation and is plotted by 
the magnitude of the fold-change in expression from genes in metabolic pathways and 
signaling molecules associated with changes in metabolism. Axis represents genes and 
spokes are expression levels of corresponding genes (A) CD4+ T cells from calves, (b) CD4+ 
T cells from cows. Data shown are the mean ± SEM fold-change. ΔΔCT values were used for 
statistical analysis by t-test, *p<0.05. 
Prevalence of RTEs in the population of isolated CD4+ T cells from the young calf and 
the adult cow  
During the development of the immune system in the young calf, an increased 
percentage of lymphocytes in the periphery are RTEs in comparison to the adult cow (10), a 
feature consistent across species (45). In mice, RTEs are shown to be anergy-prone (34), 
produce lower levels of cytokines (20), as well as exhibit dampened mitochondrial 
respiration and aerobic glycolysis compared to mature naïve T cells (21,22), inconsistent 
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with the data presented. However, RTEs are known to be hyper-Th2 cells under certain 
conditions which polarize toward a Th2 phenotype, and this could impact the effector 
function of mature naïve T cells observed in the study. To evaluate the presence of RTEs in 
our study, we determined the difference in expression of surface markers commonly 
expressed on RTEs as well as the presence of signal joint T cell excision circles (sjTRECs). 
RTEs leaving the thymus have increased expression of Kruppel-like factor-2 (KLF2) which 
enhances the expression of sphingosine-1-phosphate-1 receptor (S1P1R) (46). KLF2 (Figure 
3-26A) and S1P1R (Figure 3-26B) are similar in expression in CD4+ T cells from the calf and 
the cow. In cattle, recent thymic emigrants are identified by the presence of signal joint T cell 
receptor excision circles (sjTRECs) (Hisazumi et al., 2015), which are excised circular DNA 
fragments that persist episomally, meaning they do not replicate in daughter cells (14). 
sjTREC expression is significantly higher in CD4+ T cells from the young calf in comparison 
to adult cow cells (Figure 3-26C). Though KLF2 and S1P1R were not increased expression, 
likely because of other roles they have during activation, an increase in sjTRECs suggests a 
greater portion of RTEs in the CD4+ T cell population in calves. 
Preference of T helper ‘master regulator’ transcription factor mRNA expression 
changes in bovine CD4+ T cells following activation  
RTEs in the CD4+ T cell population from the young calves and adult cows is of 
interest because they are the preferential precursor to Tregs (18), which would induce an 
increase in mitochondrial respiration. However, they also engage in the polarization to the 
highly glycolytic Th2 phenotype under certain conditions. To elucidate preferential 
polarization of common T helper subsets in the young calf as well as the adult cow, we 
evaluated mRNA expression of transcription factors. In CD4+ T cells from both age groups, 
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inactivated CD4+ T cells favor GATA3 expression as indicated by the ratio of GATA3 to 
TBET (Figure 3-26D). Upon activation of young calf and adult cow CD4+ T cells, the ratio is 
switched from an increased GATA3 expression (Th2 transcription factor) to increased TBET 
(Th1 transcription factor), a not unexpected switch. GATA3 mRNA expression can be 
autoactivated and so increased mRNA expression, doesn’t necessarily increase protein levels. 
GATA3 protein expression is regulated by TCR signaling through PI(3)K/mTOR pathway 
(47). As for FOXP3 mRNA expression in CD4+ T cells there was no significant differences 
between calves and cows. CD4+ T cells from young calves had a small increase in fold-
change in FOXP3 mRNA expression when activated, while CD4+ T cells from adult cows 
expressed a small decrease in fold-change of FOXP3 expression (Figure 3-26E).  
Despite only seeing a small fold-change in FOXP3 expression in calves, we 
investigated their suppressive function, as it could possibly be a contributing factor to the 
increased mitochondrial respiration observed in Figure 3-23B. In cattle FoxP3+ alone is not 
indicative of functionally suppressive Tregs and analysis of a suppressive effect should 
include the expression of other suppressive and tolerance markers such as CTLA4 and IDO. 
We evaluated the suppressive activity of the supposed Tregs by correlating FOXP3 to CTLA4 
and IDO. In resting CD4+ T cells from young calves we show a low correlation as 
determined by the r value from Pearson’s correlation matrix between both CTLA4 and IDO to 
FOXP3 (Figure 3-26F). In contrast, activated CD4+ T cells from young calves exhibit a much 
higher correlation between both CTLA4 and IDO to FOXP3. The correlations observed in 
young calves is opposite of what we see in adult cows. Resting CD4+ T cells from adult cows 
have a greater correlation between the gene expression levels, while activated CD4+ T cells 
from cows have a lower correlation between the selected genes.  
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Figure 3-26. Expression of markers indicative of recent thymic emigrants in resting 
bovine CD4+ T cells in relation to the induction of suppressor Tregs in activated bovine 
CD4+ T cells. Peripheral blood mononuclear cells were enriched for CD4+ T cells and 
incubated for 24 hours in the presence or absence of plate-bound CD3 (5μg/mL) and soluble 
CD28 (1μg/mL). Real-time PCR was used to calculate the relative gene expression by the 
log2 dCT normalized to housekeeping gene, RPS9. Unstimulated cells were used to identify 
expression of recent thymic emigrant markers (A) KLF2 (B) S1P1R and (C) sjTRECs. 
mRNA expression of “master regulator” transcription factors of T helper subsets were 
analyzed by real-time PCR. Ratio of expression GATA3:TBET (D) and FOXP3 (E) 
Stimulated and unstimulated CD4+ T cells from calves and cows were used to determine 
changes in the correlation of gene expression of CTLA4 and IDO to FOXP3 (F). Data shown 
are the mean ± SEM of the log2 dCT (A-D, I) or by using the 2
-ΔΔCT method (E). (A-C) Data 
was analyzed using a one-tailed t-test, *p<0.05. (D) Data were analyzed using a one-way 
ANOVA with Tukey’s multiple comparison test, *p<0.05. (F) Correlation statistics were 
analyzed by Pearson correlation coefficient, p-value calculated two-tailed. *p<0.05. r- value 
recorded in the box of each matrix 
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Discussion 
Calves exhibit a reduced effector cell response and a T helper subset which tends to skew 
towards a less pro-inflammatory, Th2 phenotype. These differences exist in the young animal 
up to approximately six months of age, at which point their immune system, particularly T 
cell populations, reach similar numbers and functional capacity of cells in the adult animal. 
In this study, we provide data on cellular metabolism from CD4+ T cells in activated and 
resting states from young calves to better understand their reduced effector functions and 
contribution to a Th2 phenotype. Notably, we found activated CD4+ T cells have increased 
rates of both mitochondrial respiration and glycolytic function, with a greater capacity to fuel 
the cell during increased energetic demands by both pathways. Effector function, as assessed 
by pro-inflammatory cytokine expression, was dampened in activated CD4+ T cells from 
young calves compared to CD4+ T cells from adult cows. Additionally, the metabolic 
phenotype and cytokine expression was indicative of the preferential polarization of CD4+ T 
cells to a Th2 phenotype.  
Because energy status has shown to be an indicator of immunocompetency based on 
immune cell activation (26), we examined clinical blood parameters to confirm energy 
balance in our sampled adult cows and young calves (Figure 3-20). Negative energy balance 
can lead to immunosuppression with increased lipid mobilization as indicated by high 
concentrations of non-esterified fatty acids (NEFAs) (48,49). Additionally, hyperglycemia 
and hyperinsulinemia induce non-productive inflammation which can lead to metabolic stress 
and dysfunction (50,51). We show age-specific differences in concentrations of insulin and 
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NEFAs. However, animals were bled early in the morning, pre-prandial, and concentrations 
of NEFAs are reflective of time of sampling and unlikely to have the immunosuppressive 
effects on lymphocytes as seen in adult cows post-partum and in early lactation (35,52). 
Glucose concentrations were similar and within physiological range between the calf and the 
cow. The newborn calf typically has double the glucose concentration of the adult, but within 
three months their glucose concentrations drop to the levels of the adult (40-60 mg/dL) (53). 
Based on previously published research, the immune system of the calf does not reach 
the functional level of an adult until approximately six months of age (7,9,10). Calves are 
evidently unable to mount a productive pro-inflammatory Th1-driven immune response 
during infections such as respiratory viruses and intracellular bacteria (1,2). Instead the T cell 
response in calves shows a bias towards a Th2 phenotype (2,4) resulting in a reduced cell-
mediated immune response during certain infections. In agreement with others (9), our data 
show CD4+ T cells from young calves and adult cows induce similar surface marker 
expression as a result of activation (Figure 3-21A-C). Interestingly, we show CD25, the high 
affinity IL-2 receptor-α and an important component for clonal expansion οf T cells as well 
as a constitutive marker on T regulatory cells (54,55), was dramatically increased on 
activated cells from calves (Figure 3-21A). CD25 expression helps increase IL-2 signaling 
within the cell, regulating the differentiation of T helper subsets. IL-2 induces the expression 
of T-bet and promotes accessibility to the Il4 gene through STAT5 signaling (56–58). 
Coincidentally, STAT5 signaling also induces the transcription of FoxP3 (59), adding to the 
role CD25 plays in regulating the differentiation fates of T helper cells. 
Along with surface expression, we evaluated the effector function of CD4+ T cells 
from young calves in comparison to adult cows by cytokine production. CD4+ T cells from 
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both age groups were activated by a non-polarizing, polyclonal stimulation of T cells via α-
CD3:αCD28 for 24 hours. mRNA and protein expression data show CD4+ T cells from 
calves produce less Th1 pro-inflammatory cytokines in comparison to cows, exhibited by 
lower production of IFN-γ and TNF-α (Figure 3-22A-D). Additionally, IL-4 production is 
reduced from calf CD4+ T cells in comparison to CD4+ T cells from cows (Figured 3-22F), 
though CD4+ T cells from young calves are low producers of the measured cytokines in 
general (Figure 3-22F), the lower ratio of IFN-γ: IL-4 (Figure 3-22E) suggests from CD4+ T 
cells from young calves favor production of IL-4, and likely favoring the induction of a Th2 
response during an immune response.  
As similar surface maker expression was observed following activation, but different 
effector responses were seen by cytokine production, we investigated the role age-specific 
modulations in effector function have on cellular metabolism of CD4+ T cells. In contrast to 
CD4+ T cells from adult cows, CD4
+
 T cells from young calves exhibit a greater upregulation 
in mitochondrial respiration and glycolysis (Figure 3-23B,C). Because both pathways were 
increased in activated CD4+ T cells from calves, we did not observe the characteristic 
metabolic switch in the OCR/ECAR ratio following activation (60) that was shown clearly 
for adult cow CD4+ T cells (Figure 3-23A). Given the observed Th2-biased cytokine 
response and the increase in both metabolic pathways, we hypothesize CD4+ T cells from 
calves polarize towards a Th2 phenotype, and this drives the dual utilization of metabolic 
pathways. In vitro studies in mice support this idea, as it has been shown that Th2 cells have 
an increased dependency on glycolysis as well as upregulating mitochondrial respiration 
(40,41). 
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Changes in mitochondrial parameters including basal levels, proton leak, maximal 
respiration, and spare respiratory capacity, between resting and activated CD4+ T cells from 
young calves differed significantly in comparison to CD4+ T cells from adult cows (p<0.05) 
(Figure 3-23D). Notably, we see an increase in proton leakage following activation of CD4+ 
T cells from calves in comparison to cells from cows. Proton leak is measured after the 
injection of ATP Synthase inhibitor oligomycin and is used to determine the contribution of 
protons into the mitochondrial matrix causing uncoupled respiration and disruption of the 
electron transport chain (61). An increase in the proton leak disrupts the electron transport 
chain and eliminates the role for oxygen as the electron acceptor, thus reducing superoxide 
formation (62). Therefore, increased proton leak is suggestive of excess ROS production and 
could be a compensation mechanism in activated calf CD4+ T cells to combat oxidative stress 
within the cell (61). We also show an increase between resting and activated cells in basal 
OCR and maximal respiration in CD4+ T cells from calves compared to those from cows. 
Lastly, the increased spare respiratory capacity seen between resting and activated CD4+ T 
cells from calves indicates that they would have a higher bioenergetic limit. On the other 
hand, data on spare respiratory capacity of activated CD4+ T cells from adult animals 
suggests they are more susceptible to mitochondrial dysfunction (63). 
To further interrogate the mitochondrial contributions to the differences observed 
between activated CD4+ T cells from the calf and cow, we evaluated the morphology and 
mass by electron microscopy and flow cytometry between activation states and age groups. 
Morphological changes are generally consistent between activated CD4+ T cells from calves 
and cows (Figure 3-24A), though we see an increase in mitochondrial size (Figure 3-24B) in 
activated CD4+ T cells from cows, with more elongated and fusion-like mitochondrial 
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structures than in activated CD4+ T cells from calves. No changes in mitochondrial mass or 
biogenesis between the two groups was observed (Figure 3-24D-E). Despite mass and 
biogenesis measurements, activated CD4+ T cells from cows could be compensating 
mitochondrial dysfunction by creating more fusion events, known to be a mechanism for 
survival due to mitochondrial stress and nutrient deprivation morphing a healthy and a 
damaged mitochondrion together (64,65). 
As mentioned, in addition to the increased mitochondrial respiration, we also show an 
increase in glycolytic rate by activated CD4+ T cells from both cows and calves. Notably, 
activated CD4+ T cells from calves have nearly identical kinetics to cells from cows. Though 
in relation to control cells, activated cells from calves have a greater glycolytic rate, 
glycolytic capacity and glycolytic reserve than the change in activated state exhibited by cow 
CD4+ T cells (Figure 3-23C,E). This implies activated CD4+ T cells from young calves 
increase glycolytic machinery within the cell at a greater level than cow cells to convert 
glucose into lactate (66). Further, activated calf CD4+ T cells must have the machinery to 
upregulate glycolysis to a greater capacity than activated CD4+ T cells during an energetic 
demand (66).  
Metabolism is an intricately designed network of signaling and energetics. To 
understand the implications that aerobic glycolysis has on the effector function of CD4+ T 
cells from calves, we evaluated the expression level of genes associated with glucose uptake 
(67,68), metabolic signaling (69), and for enzymes involved in aerobic glycolysis (70). Using 
radar charts, we were able to distinguish overall that CD4+ T cells from the calf and cow 
have similar expression patterns (Figure 3-25A,B). The substantial increase in mRNA 
expression of several genes involved in the glycolysis pathway (GAPDH, HK2, LDHA, 
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FBP1) as well as transcriptional regulator CMYC, which has been shown to have a 
substantial influence in aerobic glycolysis (71), complement the increased glycolytic function 
shown in Figure 3-23E. Other notable genes that were increased include FBP1 and RPTOR. 
FBP1 (fructose-1,6-bisphosphatase-1) is part of the gluconeogenic pathway. The enzyme 
FBP1 removes a phosphate group from fructose-1,6-bisphophate and by doing so, increases 
fructose-1-phosphate levels. Along with its involvement in gluconeogenesis, fructose-1-
phosphate is also the first step in the hexosamine pathway, an ancillary pathway off 
glycolysis produces UDP-N-acetylglucosamine (GlcNAc) for N-glycosylation (73) of several 
proteins involved in T cell activation including CD25 (72) and nutrient transports like Glut 1 
(74). In fitting with the Th2 propensity of CD4+ T cells from young calves, we show an 
increase in RPTOR in calf cells, but not cow cells. Raptor forms a complex with mTORC1 
and along with increasing metabolic programs linked to effector function, it also drives the 
signals in the naïve T cells to exit the quiescent state and instructs it to differentiate into Th2 
cells by utilizing cues from TCR and CD28 signaling (44). 
Finally, we investigated the proportion of RTEs in the CD4+ T cell population from 
young calves and adult cows. While a Th2 biased immune response presents challenges for 
the young, they may also have an increased proclivity for the development of Tregs. Young 
animals tend to have greater proportion of RTEs which are not as functionally mature as the 
naïve T cell and have a propensity to develop into Tregs. To evaluate the increased 
proportion of RTEs in the young, we used real-time PCR to first quantify the expression of 
RTE markers, KLF2 and S1P1R. KLF2 is a zinc finger transcription factor (75) which helps 
thymocytes egress from the thymus by upregulating the expression of S1P1R and CD62L. 
Therefore, with increased numbers of RTEs in a cell population, both should be increased. 
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However, we do not a see a remarkable increase in expression of either KLF2 or S1P1R in 
CD4+ T cells from calves in comparison to cows (Figure 3-26A,B). It is possible these 
molecules are regulated at similar levels to fulfill other roles within the cell. For instance, 
KLF2 is known for its involvement in trafficking, but has been also reported to promote the 
generation of iTregs (76,77).  
An additional and more direct indicator of the presence of RTEs compared to KLF2 
and S1P1R expression, is the prevalence of signal joint T cell receptor excision circles 
(sjTRECS). A study by Hisazumi et al. (2016) indicates the greatest number of sjTRECs is 
found in calves up to 25 days of age, and then prevalence gradually declines until they reach 
adult levels around 220 days of age. In agreement with these previous reports, we show a 
greater number of sjTRECs from CD4+ T cells isolated from the calf than the cow (Figure 3-
26C). RTEs have been shown to bias towards a Th2 phenotype, and this is exacerbated under 
Th2 polarizing conditions. Additionally, RTEs from mice have also been shown to be the 
preferential precursor of Tregs, allowing an increased tolerance-like state in the naïve animal 
(18). To distinguish these differences in our culture system we evaluated mRNA expression 
of ‘master regulator’ transcription factors of T helper subsets. CD4+ T cells from calves and 
cows show an increased in GATA-3 expression as opposed to TBET, which not 
unexpectedly changes during activation. It is important to note that while GATA-3 can be 
transcriptionally regulated, protein expression of GATA-3 does not necessarily correlate with 
mRNA expression. TCR signaling through PI(3)K/mTOR can induce protein expression of 
GATA-3, an important feature in Th2 differentiation (47). In cow CD4+ T cells, it is likely the 
increase TBET expression during activation is critical for the induction of the pro-
inflammatory cytokines, particularly IFN-γ. 
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Lastly, we determine the expression of FOXP3. mRNA expression of FOXP3 
transcription factor of Tregs, remains relatively unchanged in both CD4+ T cells from cow 
and calf (Figure 3-26E). However, FoxP3 is slightly upregulated in CD4+ T cells from 
calves, which means they could have contributed to the increase in mitochondrial respiration. 
In cattle, FoxP3 is not always indicative of a functional suppressor Treg population (78,79). 
Pearson’s r matrix was used to correlate expression of CTLA-4 and IDO, which have been 
associated with immunosuppression and tolerance in conjunction with CD4+CD25+FoxP3+ T 
cells and tolerance, (80–82), in resting and activated CD4+ T cells from young calves and 
adult cows. Interestingly, we observed the lowest correlation between these genes in resting 
calf cells and the highest correlation between these genes in resting cow cells. A similar 
correlation was found in activated cells of both age groups (Figure 3-26E). A possible 
explanation could be attributed to age-specific differences of CD4+ T cells in the periphery. 
Tregs are less prevalent in the young calf’s peripheral pool but could be a maintained 
population in the cow. During the 24h of activation ex vivo, we show a change in correlation 
between Treg suppression-associated genes in CD4+ T cells from the calf and cow from 
resting to activated state. Because 24h is relatively early in activation, it may be possible that 
the calf increases iTregs at a later timepoint, driven by the increased RTEs in the T cell pool 
compared to cows which then would increase expression of genes involved in the 
suppressive function. Alternatively, CD4+ T cells population from the adult cow are more 
mature with less RTEs contributing to the peripheral T cell pool. Maturation differences 
could be an explanation for the decreased correlation, as these cells are preparing for the 
effector clonal expansion phase of activation.  
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The mechanism which leads to the reduced cytokine production in sorted calf CD4+ T 
cells (Figure 3-22) even with increased bioenergetic pathways (Figure 3-23), and similar 
expression of activation markers (Figure 3-21), remains to be elucidated. In Figure 3-27, we 
show a graphical representation which illustrates the relationship between glycolytic 
function, mRNA expression, and surface expression of activation markers, such as CD25. 
Briefly, upregulation of Glut1 allows for the entry of glucose into the cell, which is trapped 
in the cell after phosphorylation by hexokinase II. Glucose is rapidly converted through a 
series of intermediates to pyruvate to lactate via LDHa. Increased lactate production 
consequently increases the extracellular pH and is a determinant of activation (83). In young 
calves, we also see a greater fold change in GAPDH, an enzyme important in the conversion 
of glyceraldehyde-3-phosphate into pyruvate, but also important in regulation of IFN-γ 
production. Excess GAPDH that is not incorporated into the glycolysis pathway is free to 
bind to the AU-rich elements of 3’UTR region on IFN-γ mRNA inhibiting its transcription. 
Additionally, FBP-1 is also upregulated in both the calf and the cow, and is responsible for 
de-phosphorylating fructose-1,6-bisphosphate to fructose-6-phosphate, the entry point of 
glycolysis to merge to the ancillary pathway hexosamine. The hexosamine is responsible for 
N-glycosylation of proteins involved in nutrient transport (i.e. Glut1 and glutamine 
transporter ASCT2) and N-glycan branching necessary for CD25 surface expression. 
Through the intricate system of metabolism and signaling we show possible networks at play 
driving the observed results.  
In conclusion, our study shows a unique metabolic profile exhibited by activated 
CD4+ T cells from young calves in which mitochondrial respiration and glycolysis is 
increased more substantially than in cells from adult cows. Generally, increased bioenergetic 
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pathways indicate activation and increased cytokine production. However, in comparison to 
CD4+ T cells from the cow, calf cells produce less pro-inflammatory cytokines, while at the 
same time showing a greater propensity to Th2 differentiation with a decreased IFN-γ: IL-4 
ratio. Though further research is required to fully elucidate the function cellular metabolism 
plays in directing the differentiation fate we show increased mRNA expression of glycolytic 
genes known to regulate more than just glycolysis. Additionally, it is unclear the exact 
function RTEs play in cell-mediated immunity in the calf, but their presence in the CD4+ 
population should be investigated further.  
 
Figure 3-27. Graphical representation describing the relationship of cellular metabolic 
pathways in CD4+ T cells from the young calf, possibly promoting networks for the 
induction of a Th2 effector response Upon activation, glucose entry into the cell is 
increased, thus increasing glycolysis. HK2 is increased in activated CD4+ T cells from both 
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Figure 3-27. Continued. 
the cow and the calf , though much greater in the calf. Further into glycolysis we show a 
substantial upregulation of GAPDH mRNA. GAPDH is responsible for the conversion of 
G3P to pyruvate. If pyruvate is not converted into acetyl CoA to enter the TCA cycle, LDHA 
converts it to lactate. Lactate will then exit the cell and some studies suggest it has an 
important role in signaling (1,2). LDHA, before activation, binds to the AU-rich regions 
upstream IL-2, IFN-γ and TNF-α inhibiting their production. Upon activation, LDHA 
converts pyruvate to lactate, increasing cellular levels of acetyl Co-A. Acetyl Co-A can be 
used in fatty acid synthesis as well as having an integral role in the post-translational 
modification  by histone acetylation. Histone acetylation in the promoter region of Ifng 
allows for its translation and an increase in IFN-γ production. Taking on an extra role, 
GAPDH regulates cytokine production, particularly IFN-γ. An overabundance of unutilized 
GAPDH in glycolysis, allows it to bind to the 3’ UTR promoter region on Ifng and inhibit the 
translation of IFN-γ (as indicated by the red line) and a possible explanation for the 
dampened IFN-γ production by CD4+T cells from calves. Furthermore, we show an increase 
in the expression of FBP1 both from cow and calf CD4+ T cells. FBP-1 is part of the 
gluconeogenesis and removes a phosphate from fructose 1,6-bisphosphate to form fructose-
6-phosphate, the substrate at which glycolysis can diverge into the hexosamine pathway. The 
hexosamine pathway allows for N-linked glycosylation of proteins that are essential for 
surface expression, such asCD25 (IL-2Rα) and nutrient transporters GLUT1 and ASCT2 
(main glutamine transporter). Glutamine influx into the cell was not quantified. However, 
given the increase in cell surface expression of CD25 and the substantial influx in both 
energetic pathways, we hypothesize glutamine entry into the cell is significantly increased in 
activated CD4+ T cells from young calves. Glutamine fuels both the TCA cycle and the 
hexosamine pathway, thus connecting nutrient transport and utilization in the cell. 
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Supplementary Figures 
 
Supplementary Figure 3-28. Graphical representation of XF Cell Mito Stress Test 
parameter calculations 
XF Cell Mito Stress Test Parameters values are calculated from reported oxygen 
consumption rate (OCR) in pmol O2/min and are the average of three measured points within  
group to calculate each specific parameter.
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Supplementary Figure 3-29. Graphical representation of glycolysis stress test 
parameter calculation 
XF Cell Glycolysis Stress Test Parameters. Values are calculated from reported Extracellular 
Acidification Rate (ECAR) in mpH/min and are the average of three measured points within 
a group to calculate each specific parameter.
169 
CHAPTER 4.    GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
Conclusions 
The physiological changes and challenges dairy cows undergo from birth into 
adulthood is coupled with waves of immunocompetence and immunosuppressive/tolerant 
states (Knegsel, 2014; Smith, 2008) creating opportunities for infection during periods of 
increased susceptibility. Both physiological status and age affect cellular metabolism, which 
consequently impacts the effector function of the immune system (Chase et al., 2008; 
Contreras et al., 2010; Nelson et al., 2015; Schwarm et al., 2013). CD4+ T cell metabolism is 
linked to effector function; and, modulation of cellular metabolism can drive the fate of the T 
cell, whether that be senescence (Ron-Harel et al., 2015), T helper subset differentiation 
(Geltink et al., 2018), or driving an effector or memory phenotype (Nish et al., 2017). This 
dissertation investigates the role cellular metabolism plays in evoking the CD4+ T cell 
response in multiple lactation stages of cattle, as well as its potential impact on the CD4+ T 
cell response in young calves. CD4+ T cells are critical mediators of the immune response as 
both an effector and memory population and their function is altered by cellular metabolism 
(Buck et al., 2015; Pearce et al., 2013). We suggest modulation in CD4+ T cell metabolism 
and subsequently function, is influenced by lactation stage, as well as the age of the animal. 
Substantial research shows innate immunity to be impacted during early lactation, 
suggesting a role for NEFAs in inducing an immunosuppressive phenotype by increasing 
oxidative bursts of neutrophils, affecting their bactericidal function (Scalia et al., 2006), and 
ketone bodies inhibiting the formation of neutrophil extracellular traps (Grinberg et al., 
2008). Our first study, discussed in Chapter 2 of this dissertation, investigates the effects 
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lactation stage has on the effector function of the adaptive immune system by examining the 
metabolic phenotype of ex vivo activated CD4+ T cells. We show not only do CD4+ T cells 
from cows in the early lactation stage have a reduced effector function as characterized by 
decreased cytokine production, CD4+ T cells from cows in early lactation have a dampened 
metabolic gene expression signature in comparison to cells from cows in other stages of 
lactation. Gene expression coupled with dampened mitochondrial respiration and aerobic 
glycolysis suggested activated CD4+ T cells from cows in early lactation produce a weakened 
response compared to CD4+ T cells from cows of later stages and the dry period. 
As neonates, calves are born with a competent though immature immune system. As 
such they exhibit a weaker immune response in comparison to mature cows (Chase et al., 
2008; Smith, 2008). Calves CD4+ T cells skew towards the less pro-inflammatory Th2 
response and are less able to clear an infection compared to adult cows (Woolums, 2010). In 
chapter 3, we suggest that cellular metabolism contributes to the altered effector function of 
CD4+ T cells between young calves and adult cows. Intrinsic differentiation preferences of 
these CD4+ T cell subset populations in the young calf result in an enhanced metabolic 
function. In addition, signaling networks modulated by proteins associated with metabolism 
may contribute to an altered CD4+ T cell effector function in calves in comparison to the 
adult cow. 
 Taken together, these studies provide novel information on the relationship between 
CD4+ T cells and cellular metabolism in the cow during different physiological and 
developmental stages. Information regarding the basic biology driving the immune response 
as directed by   
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CD4+ T cells could be beneficial in understanding disease progression during susceptible 
periods and developing strategies to enhance the CD4+ T cell response in a controlled and 
productive manner. 
 
Future Directions 
While these are not comprehensive studies, plenty of work can be done to understand 
the signaling pathways which influence cellular metabolism and subsequently, impact the 
function of CD4+ T cells in cattle, both young and old, as well as those in differing 
physiological states.  
For instance, high lipid mobilization in the serum of early lactating cow, induced by 
the homeorhetic shift shuttling of large quantities of glucose to the mammary gland for milk 
production (Bell, 1995), can cause restructuring of the plasma membrane of lymphocytes 
(Contreras et al., 2010). Re-structuring of lipid components (Ingólfsson et al., 2014) by the 
reduction of saturated fatty acids and cholesterol in the plasma membrane of CD4+ T cells 
from early lactating cows could potentially affect TCR signaling (Van Laethem et al., 2003) 
leading to dampened internal signaling. Determining changes in the lipid composition of 
CD4+ T cells during the lactation cycle and in particular in early lactating cows could shed 
light on the modulation of the effector response starting with TCR signaling. 
Additionally, investigation into transporters related to nutrient uptake (i.e. insulin 
receptor (INSR), GLUT1, GLUT3, and ASCT2) could shed light on the reduced rate of 
glycolysis and subsequently, reduced cytokine production observed from CD4+ T cells 
isolated from cows in early lactation compared to other stages of lactation and during the dry 
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period. While we were able to examine mRNA expression of INSR, GLUT1, and GLUT3, 
we were unable to determine the impact that lactation stage had on the protein expression of 
these receptors on activated CD4+ T cells. Quantification of proteins via western blot or 
flow-cytometry, if reagents become available or found to be cross-reactive, could be 
beneficial in determining the protein levels. Reasons to investigate the above transporters are 
as follows: INSR intracellularly signals through the PI(3)K-Akt-mTOR pathway and 
therefore plays a part in increasing aerobic glycolysis (Fischer et al., 2017; Tsai et al., 2018), 
which has not been elucidated in bovine CD4+ T cells. However, Zhao et al., (2014) reports 
that bovine mammary epithelial cells respond to supplemented insulin in the mammary gland 
in a positive manner by increasing the uptake of glucose and acting through the PI(3)K 
pathway. GLUT1 in mice is selectively essential in inducing T cell activation by increasing 
glucose entry into the cell (Macintyre et al., 2014). In bovine monocytes, both GLUT1 and 
even more so GLUT3 is increased for glucose entry (Eger et al., 2016). Finally, ASCT2 is the 
preferential transporter of glutamine (Klysz et al., 2015), an essential amino acid in multiple 
pathways as well as is integral role in entering the TCA cycle by two conversion steps in to 
α-ketoglutarate.  
Due to limited cell numbers and the multiple applications already utilized in the 
present study, we were unable to determine glucose uptake. Future studies quantifying 
glucose uptake in relation to the nutrient transporters would also help to explain why CD4+ T 
cells have a decreased glycolytic function compared to the other stages and dry period.  
 In the third chapter, the effector function of CD4+ T cells from calves is examined. 
Given that calves, and young species in general, have increased populations of recent thymic 
emigrants (RTEs) (Fink, 2013; Hisazumi et al., 2016), and these cells have been described to 
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have functional and metabolic differences in comparison to mature naïve T cells, it would be 
helpful to have a better quantification method than sjTRECs. RTEs from humans and mice 
can be identified by surface markers (Fink, 2013). Utilizing known surface markers from 
human and mouse studies followed by qPCR of sjTRECS could help in identifying surface 
markers associated with RTEs of calves. By doing this, functional studies could be 
performed to determine the effects CD4+ RTEs have in the modulation of the immune system 
in calves.  
Additionally, we know that in vivo, CD4+ T cells from the young calf tend to skew 
towards a Th2 phenotype (Woolums, 2010). Depending on the age of the calf, this could be 
contributed to functionally immature antigen-presenting cells (Morein et al., 2002), as well as 
a larger proportion of RTEs in the peripheral T cell pool (Hisazumi et al., 2016). Studies of 
mice and human cells show that neonates polarize toward a Th2 phenotype because of 
hypomethylation in regions that promote Th2 polarization found exclusively in the neonate, 
but not the adult (Debock et al., 2014; Hebel et al., 2014; Rose et al., 2007; Yoshimoto et al., 
2013). By conducting polarization and epigenetic studies, one could identify the intrinsic 
nature of CD4+ T cells from the calf. And further, determining the role the microenvironment 
plays in polarizing these cells could also be useful in understanding how the calf induces an 
immune response (Adkins, 2000), and then modulating the response for a productive 
vaccination response. 
Further, the biological reason for the increase in both mitochondrial respiration and 
aerobic glycolysis in Th2 polarized cells compared to other effector T helper subsets like Th1 
and Th17 cells is not well understood. We hypothesize, Th2 cells may form supercomplexes 
(respirasomes) within the mitochondria to moderate cellular activities inevitably causing an 
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increase in mitochondrial respiration (Milenkovic et al., 2017). To determine supercomplex 
formation within there are two commonly accepted methods: i) evaluate protein expression 
of the respirasome which contains electron transport chain complexes I, III, and IV by blue 
native polyacrylamide gel electrophoresis (BN-PAGE) or by ii) electron cry-microscopy to 
visualize these structures (Milenkovic et al., 2017). 
We believe that there are many aspects of this research that can be delved into further. 
In this dissertation, we lay the ground work of cellular metabolism and its implications in the 
immune response in cattle. However, further research is required to fully elucidate the impact 
cellular metabolism has on the immune response of cattle.  
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